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INTERNAL CONVERSION - A Review 
- M.A. Listengarten 


Measurement of the internal conversion coefficients (hereinafter ICC) of 
Yy-rays is an extensively used procedure for investigation of nuclear radiation 
and determination of the spins and parities of nuclear levels. 

In the present article we shall review recent contributions to the subject 
and consider to what extent the theory of internal conversion is in agreement 
with experiment and to what degree both theory and experiment are in need of 
improvement. 

It has been shown by a number of investigators (Refs.1-3 and others) that 
in the case of conversion of magnetic dipole radiation on the K and Ly shells 
the ICC calculated by Sliv4 taking into account the distribution of charges and 
currents over a nucleus of finite size are in appreciably better agreement with 
experiment than the coefficients of Rose et ald, calculated for a point nucleus 
(the error in Rose's ICC attains as much as 50% for heavy nuclei). There is 
also an appreciable difference (20-30%) between the coefficients of Sliv and 
Rose in the region of heaviest nuclei (Z > 85) for conversion of M2 and M3 trans- 
itions. 

For other multipole orders the difference between the tables of Sliv and 
Rose is considerably smaller (if we disregard the obvious errors in Rose's tables, 
as for example, for E3 conversion on the Lyyy shell). These differences do not 
appreciably exceed the limits of error of both tables. 

The corrections for finite nuclear size, taken into account in the work of 
Sliv, amount essentially to elimination of the physically meaningless infinite 
series in the expressions for the multipole potentials and in the electron wave 
functions which arise in a number of cases if the nucleus is assumed to be a 
point one, that is, in Sliv's calculations of ICC there were used corrected wave 
functions and potentials corresponding to a finite distribution of charges and 
currents in the nucleus. 

As a rule, taking into account finer details of nuclear structure should 
not introduce any appreciable changes in the ICC. This is evident if only from 
the fact that at the energies under consideration the de Broglie electron wave- 
length is much greater than the dimensions of the nucleus and the effects con- 
nected with their interaction are in general insensitive to the form of the nu- 
clear potential of the transition. Recently, however, Church & Weneser® showed 
that there may nevertheless be certain anomalous cases when the structure of the 
nucleus may prove to be an important factor where the magnitude of the ICC is 
concerned. 

In order to determine under what conditions there may appear corrections 
to the ICC dependent on the details of the nuclear structure, let us consider 
the expression for the ICC: 


Ve 


U,, 


2 


LCC. = , (1) 


where Ue and U, are the matrix elements for the emission of a conversion elec- 
tron and a y-ray by the excited nucleus. In the case, for example, of a magnet- 
ic 2!-pole 


co 
pres | diaAuhide (2) 

0 
where and ; are the wave functions of the final and initial states of the 
electron, «is the Dirac matrix and A; is the vector potential of the magnetic 
2'-pole. For a nucleus of finite size, Ue must be represented in the form of a 
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sum of two terms: 


Ue = \Aint.+) Aext. (3) 
R 


0 ° 


where R, is the nuclear radius. 

The expressions for the vector potential inside and outside the currents 
giving rise to it are well known (see, for example, Ref.7). They differ in that 
Acxt, contains only one term with a Hankel function (first kind), whereas Ajnt, 
contains two terms with Hankel and Bessel functions, respectively. An important 


characteristic of \ Aext. is that it is proportional to U,: 


\Acxt.=a-U;, (4) 


where a does not depend on the nuclear wave functions (but a does depend on the 
integration limits). In the case of a point nucleus, when there is no first 
term in (3), the integral over the nucleus is reduced in dividing 
Ue 
i i Dies a (Ry = 0), (5) 
- 


and the ICC proves to be a characteristic of the nuclear transition, entirely 
free of the influence of nuclear structure. In the case of a nucleus of finite 
size the integral over the nucleus is reduced only in the second term 


Ry 2 2 
A; 
| int. M, 
Icc = sak U esa = ate e (6) 

The numerator of the first fraction in (6) - the intranuclear matrix element 
Me - represents the contribution to conversion due to interaction of the electron 
with nuclear currents during the time the electron is within the nucleus. This 
intranuclear matrix element is always taken into account in the calculations of 
Sliv et al.4 Specifically, it was assumed in compiling the tables that the nu- 
clear currents of the transition are on the nuclear surface. Calculations showed 
that the intranuclear matrix element is small - of the order of 2-3% relative to 
the leading extranuclear term in (3). 

It was shown® that different assumptions regarding the nuclear currents and 
charges - from surface to volume distributions - result in variations of only 
1.5-2% in the magnitude of the ICC, even for the heaviest nuclei. This point 
is also noted by Church & Weneser® and hence the term "new matrix element'' used 
by them for Me is not entirely justified. What is new in the work of Church & 
Weneser is something different, namely, they call attention to the fact that 
Uy and M, may lead to different selection rules for radiative transitions and 
for conversion transitions determined by the region of the nucleus. If the 7- 
transition is forbidden, U, in the denominator of (6) is strongly attenuated or 
may even be close to zero, while at the same time the numerator Mg, which has a 
different integrand, may have the usual value. Then the fraction Me/U., will be 
large and may even exceed the second leading term in the expression for the ICC. 
In this case it is essential that the selection rules forbidding Uy put little 
or no restriction on the value of the intranuclear matrix element M,. This is 
a rigorous requirement; usually in the first approximation the selection rules 
will be the same for Me and Uy. 

Inasmuch as the intranuclear conversion matrix element M, is relatively 
small, for the contribution for M,, which is dependent on the details of the 
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nuclear structure, to be noticeable and measurable experimentally, one must 
have a very large decrease of the denominator Uy, i-e., a very high degree of 
forbiddenness of the radiative transition. 

Thus our principal deduction is that the fine details of nuclear structure 
can have a noticeable influence on the ICC only when the corresponding y-transi- 
tion has a high degree of forbiddenness. For transitions having a normal life- 
time, all the earlier inferences regarding the independence of the ICC of nu- 
clear structure (within the limits of 1-2%) remain in force. Thus the attempts 
of certain authors to attribute the divergence between the experimental and theo- 
retical values of ICC to the influence of nuclear structure regardless of whether 
the given transition is allowed or forbidden are erroneous. 

The physical significance of such intranuclear conversion is analogous to 
that underlying 0—0 transitions: a radiative transition is forbidden, while a 
conversion transition occurring due to penetration of an electron into the nu- 
cleus is allowed. The details of nuclear structure under these conditions have 
a strong influence on the probability of the conversion transition. 

Structural corrections in the ICC of the order of 15-20% may be expected 
when the transition is hindered by a factor of at least 103. 

The deviations from Sliv's ICC may be to either side, depending on the sign 
of M, and the remaining principal part of the matrix element in (3) or (6). For 
different subshells the magnitude of the deviations, depending on the nuclear 
model, may be very different, but it may be expected, consistent with the length 
of time the electron spends in the nucleus, that the greatest deviations will be 
for the K and Ly coefficients and the smallest for the Liqr coefficients. The 
magnitude of the structural correction should presumably be the greater, the 
stronger the inhibition of the y-transition (other conditions being equal). 

With decrease of Z, the role of the region of the nucleus in the ICC de- 
creases and hence the degree of forbiddenness of the y-radiation necessary for 
obtaining a noticeable effect of nuclear structure must rapidly increase. 

The structural correction may change sharply for neighboring nuclei and 
even for different transitions in the same nucleus. 

Another important point is the following: for the appearance of structural 
corrections to the ICC, forbiddenness of the y-radiation alone is not sufficient. 
A further necessary condition is that the inhibition must have little or no in- 
fluence on the nonradiative transitions determined by the region of the nucleus. 
If the inhibition applies in equal degree to both the radiative and nonradiative 
transition, both the denominator and numerator in the M,/U, correction term de- 
crease by the same factor and the structural correction becomes insignificant 
even with a very high degree of forbiddenness. This is the case, for example, 
when the transition is inhibited by the K selection rule (K is the projection 
of the total angular momentum on the nuclear symmetry axis). This fact has been 
noted by Nilsson & Rasmussen’. Thus a normal (or almost normal) value of the 
ICC is observed for the 316 kev transition in Pu239 despite the 109 retardation 
and for the 89 kev transition in Hf178 despite the 2-1014-fold reduced probabili- 
ty, and only for the 57.6 kev transition in Hf180 with an inhibition of 1015 is 
there observed an anomaly in the ICC (see Table 1).8 At the same time for 
transitions in which the U, inhibition is due to other factors (for example, 
forbiddenness with respect to the asymptotic quantum numbers N, nz, %, A, etc.) 
the matrix element Me may be allowed and then one can attempt to interpret cer- 
tain ICC as dependent on the details of the nuclear structure even with inhibi- 
tions of the order of 10%. Nilsson & Rasmussen cite a number of such cases 
(Table 2). 
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Table l 
K-forbidden Ml and El transitions in deformed nuclei 
Nucleus | Ey, kev |Fe= a SO Maltipole Remarks 
Tsing. part| order 

Pu239 210 404 M1 

228 5-104 M1 

278 6-104 M1 
Tules 178 5-108 M1 dy normal 

199 5-105 M1 
Rel83 382 2°10? FA 
Pu2s9 316 409 a 

334 109 E 
Hf178 88,9 2-1014 E11 Oh normal (within 20%) 
Hf | 57,6 10" EA Oy,, anomalously large 


Table 2 
El and Ml transitions interpreted by Nilsson & Rasmussen® as anomalous 
(of the total number of 18 transitions in deformed nuclei forbidden with 
respect to asymptotic quantum numbers) 


he ane | Multi 
Mucleus By, kev ; | pole Remarks 
| | order Med 
Np? 267 5,5-108 EA Qe (possible); exceeds theoretical by a factor of 10 
wie 152 : Et K/L = 2.8; theoretical 8.3 
Tess2 482 3-108 M1 %, exceeds theoretical 2-10 times 
Pa2al 84 3.408 FA Ors ry exceed theoretical 20 times 
OL ry normal 
Pu239 106 5.105 E4 On exceeds theoretical by 1.5 times 
ba to " " " 2.5 " 
Np?8? 60 3+410° FA 3 
ahi " " 1.5 " 
Sem " " " 4 " 
Np?87 26 3-105 E41 Or, my normal 


&, exceeds theoretical 2 times - 


We must note, however, that not all the cases cited by Nilsson & Rasmussen 
are necessarily authentic. Thus, for example, in the case of the 267 kev trans- 
ition in Np237 all the anomalies can readily be explained by some admixture of 
M2; from a comparison of the experimental coefficients OQ, and O47 with the theo- 
retical values, it becomes apparent that the fraction of M2 is the same in both 
cases.2 Where the 482 kev transition in Tal8l is concerned, the difference be- 
tween the ratios M1/E2 obtained from the ICC and from angular correlation has 
been noted earlier by several investigators. But inasmuch as the fraction of Ml 
is small (3-5%), a change of only 10% in the experimental value of Q, corresponds 
to a factor of three difference in the partial (Ml) value of Qx. If the propor- 
tion of Ml is taken from angular correlation10,11, then the theoretical og must 
be 19-104, whereas recent measurements give values of (23+2) +1074 (Snyder & 
Frankell0) and 21-1074 (Sunyar reported in Ref.1l). The difference is not large; 
hence there can be some doubt regarding the existence of this anomaly. In the 
case of the 152 kev transition in W182, Nilsson & Rasmussen base their citation 
on one unpublished measurement which is in need of verification. 

In the case of the Pa231 84 kev, Pu239 106 kev and Np29" 60 & 26 kev trans- 
itions, the observed anomalies cannot be explained by an admixture of M2. While 
in the case of Pa23l Nilsson & Rasmussen give only one reference to an unpublishec 
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investigation and for Pu239 cite only one measurement!?, for the transitions in 
Np237 the anomalous values of the ICC were obtained from a number of authors 
(Refs.9,13,14) who are essentially in agreement. It may be that in this case 
the anomaly is really due to influence of the nuclear structure on the ICC. An- 
other interesting suggestion was put forward by Rosenblum & Valadaresl4: inas- 
much as El is strongly forbidden and one can hardly expect magnetic quadrupole 
radiation to be important, here possibly we have competition between El, M2 and 
E3 conversion. The increase in conversion on the Lyz shell can partially be ex- 
plained by an admixture of E3. 

To characterize the magnitude of the structural effect Church & Weneser in- 
troduced the dimensionless parameter }; it shows by what factor the additional 
term (the fraction M¢/U.) in (6) in any given case differs from the term taken 
into account by Sliv in the surface current model. This parameter can be deter- 
mined from experiment 

(exe) j 
———*} — 
Ktheo 


ce oe Ey 
where C(Z, E,) is a coefficient that has been tabulated by Church & Weneser® for 
Mi (the Table in Ref.1 contains a numerical error: the tabular values of C(Z, E,) 
should be multiplied by ¥2/3). So far, however, attempts to construct a quanti- 
tative theory giving the ICC corrections for strongly forbidden transitions on 
the basis of a specific nuclear model8,15 have failed to yield significant re- 
sults. 

Thus the influence of the structure of the nucleus on the ICC to an extent 
greater than 1.5-2% is possible in principle, but in reality this effect should 
occur very rarely and only when certain conditions regarding the character of 
the y-transition are rigorously satisfied. In fact, that the influence actually 
exists cannot be regarded as definitively proved; the present hypothesis still 
stands in need of thorough experimental verification. 

Another important physical approximation made in calculating ICC was the 
method of taking into account screening of the nuclear charge by atomic electrons. 
The potential used is assumed to be that for statistical distribution of elec- 
trons in the Thomas-Fermi-Dirac model. The calculations of Rose differ slightly 
from those of Sliv in that in the latter the exchange term!6 is taken into ac- 
count individually for each electron state. 

For heavy atoms the statistical model is a good approximation and hence its 
use can lead only to minor errors. However, for light nuclei (Z < 30) and low 
energies (Ey € 50 kev) , calculations of the ICC by the same method may lead to 
errors of up to 10-15%. For Z = 40 and Ey = 70-80% the tables already appear 
to be fairly accurate, but we are not yet able to affirm that the theory here 
is in complete agreement with experiment for the simple reason that we do not 
as yet have sufficient accurate experimental data in this region. 

It would obviously be desirable to have a further investigation of the pos- 
sible influence on the ICC of the statistical approximation in taking into ac- 
count screening in the case of low energy transitions in light nuclei. 

Let us see to what extent the theoretical and experimental ICC agree for 
some groups of nuclei. 

There is a large number of even-even nuclei in which the ground and first 
excited states are 0+ and 2+. In these nuclei the transition between these 
states is pure E2. 

Such transitions are very convenient for checking the validity of ICC the- 
ory, for admixtures of higher multipoles are entirely excluded. Further, inas- 
much as among these transitions there are no forbidden ones, the possibility of 
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structural effects on the ICC is precluded. Finally, for not very large Z there 
are no transitions with a low y-ray energy, which excludes errors in taking 
screening into account. Cases where the ICC on the K shell has been measured 
are listed in Table 3. 


Ja ‘erin 


Oy 


80 100 150 200 300 400 500 600 600 
E kev 
Fig.l. Ratio of experimental to theoretical values of K shell conversion 
coefficients for pure E2 (2+20+) transitions with energies of 70 to 800 
kev. 


The experimental to theoretical ratios of Qy are plotted in Fig.l. The 
theoretical ICC values are taken from Sliv. Inasmuch as the effect of finite 
nuclear size is relatively unimportant for E2, these values differ only slightly 
(1-1.5%) from those of Rose et al. 

The ICC of the 80 kev transition in Erl66, 84.1 kev in yb!70 and 89 kev in 
H£176 | which exceed the theoretical values by 13-23%, were again measured in 1957 
by McGowan & Stelson2l1, who called attention to a certain discrepancy between the- 
ory and experiment in the case of low-lying E2 transitions. At energies higher 
than 100 kev, as may be seen from Fig.1, the deviations of OQ exp/Qk theo occur 
with about equal frequency to both sides of unity. It should be noted that ac- 
cording to McGowan & Stelson, only for Yb170 is the deviation more than twice the 
experimental error and that in the same year (1957) Houtermans26 obtained an ex- 
perimental value of Q, for Ybt70 in agreement with theory. From the standpoint 
of theory a 20% deviation of experimental ICC values from the theoretical ones 
for pure E2 transitions is wholly inexplicable. Approximations in taking into 
account shielding cannot yield a correction of this magnitude for OQ, (if this 


were the case then for OLsry the magnitude of the error would be ~200%, which 
is not at all the case - see Table 4). 
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Table 3 


K shell conversion coefficients for pure E2 (2+—0+) transitions 


with energies from 70 to 800 kev 
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Table 4 


Ratios of K and L shell conversion coefficients for pure E2 (2+-—*0+) transitions 
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**K/L from the first Ref., L1:L2: 13 from the second Ref. 


* (Li + L)/Ls. 


The concluding remark of McGowan 
& Stelson21 regarding the possible in- 
fluence of nuclear structure is entirely 
baseless inasmuch as all such transi- 
tions from rotational levels are not 
only not forbidden but are on the con- 
trary usually speeded-up (favored). 
Hence despite the obvious care with 
which McGowan & Stelson carried out 
their experiments and reduced their 
data, it must be concluded that a 
systematic error crept into their work. 
It would be highly desirable to have 
further careful measurements of the 
IcC of pure E2 transitions in the full 
range of lowlying rotational levels of 
even-even nuclei. 

In Table 4 we have collected the 
available data on Ly: Lyy:bLyrr for pure 
E2 (2+—0+) transitions of energies 
from 70 to 250 kev. We also give the 
K/Lyry values for the same transitions. 
Sliv's coefficients of conversion on 
the L shells (Ref.73) differ little in 
the given range of Z and energies from 
the ICC of Rose for electric quadrupole 
transitions. 

We have also plotted the ratios 
of the experimental to theoretical 
values of K/Lyyr, Lyy/Lyyzz and Ly/Lyyzy 
in Fig.2. It will be seen that i 
most cases these ratios are close to 
unity, i.e., that theory is in good 
agreement with experiment. For K/Lyyy 
and Lyz/Lyyy the deviations from unity 
are equally frequent to the side of 
lower and higher values of the ratio 
and, except for Osl92, virtually do 
not exceed the limits of error. 

All the Ly/Lyyzyz and Ly/Lyy and al- 
most all the L,/K ratios proved to be 
greater than unity; that is, the ex- 
perimental values of Q4,; are consis- 
tently higher than the theoretical. 
However, inasmuch as the deviation is 
small, while conversion on the Ly 
shell in this region of Z and E, is 
appreciably weaker than on the Lyy and 
Lyiry subshells and is consequently 
more difficult to measure accurately, 
it may be assumed that the deviation is 
primarily the result of experimental 
errors. 
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80 90 100 120 140 160 160 = 200 240 
Eker 


Fig.2. Ratios of experimental to theoretical values of K/Li11I, Ly/Lyyzyz (@), 
Lyy/Lyzy (0) and (Ly + L)/Lyyzyz (0) for pure E2 (2+-+0+) transitions with ener- 
gies from 70 to 250 kev. 


In Table 5 we have collected 
data on some transitions in heavy 
nuclei that as regards Ly: Lyz:Lyzyzy 
may be regarded as pure Ml trans- 
itions. The experimental to theo- 
retical ratios of the K/Ly, Ly z/Ly 
and Lyyyz/Ly values for these transi- 
tions are plotted in Fig.3. 

The corrections for finite 
nuclear size are largest for the 
Ly shell, where they amount to 30% 
for Z = 85. Calculations’? show 
that as a result of taking into 


«+~<«Fig.3. Ratios of experimental to 
theoretical values of K/Ly, 

Lyzy/Ly (%) and Lyz/Ly (9) for con- 
version transitions of energies be- 
tween 40 and 250 kev which as regards 
Ly:Lyy:Lyyyz, may be regarded as pure 
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account finite nuclear size, OLty is decreased by only about 10% for Z = 85 
while Qj, II remains virtually unchanged. 

In connection with experimental substantiations of corrections to the Ly 
conversion coefficients, some authors!,88 have also found a large correction 
for Oty i.e., a correction of the same magnitude as for Qj, or even greater 
(up to b0%) . In Fig.3 we show the two points - (Lr1/L1) exp/L1I/Lyp) ¢nog © 0-6 
- for the 115 and 238 kev transitions in Bi212 that gave rise to this inference 
of a large correction for Qj,;,;- It will be seen from the figure, however, that 
these data diverge appreciably from the results of most measurements. 

The most accurate measurements (see, for example, Kel'man et a186) show 
that Sliv's ICC are in good agreement with the experimental values and that no 
appreciable corrections for Ory are required. 
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Fig.4. Values of M/L (circles) and (M + N)/L (triangles) for Ml transitions of 
50 to 1250 kev energy. Solid circles and triangles - Z © 73; open circles and 
triangles - Z > 74. 
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Fig.5. Values of M/L (circles) and (M + N)/L (triangles) for E2 transitions of 
50 to 1250 kev energy. Solid circles and triangles - Z € 73; open circles and 
triangles - Z > 74. 


The above mentioned errors! »88 undoubtedly arose owing to the difficulties 
encountered in graphic resolution of the close strong Ly and weak Lyy lines or 
in determining the relative intensities of these lines in case of photographic 
recording. The possibility that there was an error involved (i.e., that the 


- 766 - 


60 80 100 150 =—200 300 400 500 600 800 6 ker 


Fig.6. Values of M/L for M3 (@) and M4 (0) 
transitions of 50 to 1000 kev energy and 
values of (M + N)/L for M3 (Wm) and M4 (4) 
transitions. 
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experimental value of Lyyz/Ly was an 
overestimate) was noted by Wapstra 
& Nijgh!; nevertheless the assump- 
tion that the theoretical value of 
OLTT requires a large correction ap- 
pears to have been widely accepted. 
Thus, for example, when Rasmussen 

et al9 in 1957 did not find the need 
for a 50% correction in the value 

of Of for the pure Ml 208 kev 
transition in Np237, they consider- 
ed this to be a new anomaly in the 
ICC and tentatively attributed it 

to the Church & Weneser effect. 

Finally, let us review the 
available data on the M/L ratio. 
Recently, Rose (the work is refer- 
red to in Ref.9,14,78 & 89) calcu- 
lated the M shell conversion coef- 
ficients. However, these calcula- 
tions, which were carried out with- 
out taking screening into account, 
as regards absolute value diverge 
from experiment by a factor of 
1.5-2 and are suitable only for 
determining the ratios of conver- 
sion on the M subshells. At pres- 
ent, therefore,one can only use 
empirical values of M/L. 

Figs.4,5,6 & 7 show the values 
of M/L and (M + N)/L for El, E2, 
E3, E4, Ml, M3 and M4 transitions. 20 
For mixed transitions (for example, 
Ml + E2) the M/L ratio is plotted 
for the multipole order accounting 
for more than 50% of the mixture. 
Unfortunately, many investigators 
fail to specify precisely which 
ratio they measured and hence many 
of the M/L ratios are actually 
(M + N)/L. This naturally hampers 
analysis of the data. 

It will be seen from the fig- 


ures that the ratio M/L is very weakly dependent on the energy, nuclear charge 
and multipole order and that in all cases it equals about 0.3. This, at first 
glance, strange result may be explained by the fact that conversion on the Myy 
and My subshells is small, while conversion on the My, Myz and Myyzqz subshells 
depends on all the previously enumerated factors in the same way as conversion 
on the Ly, Lyyz and Lrrr subshells and that consequently the M/L ratio remains 
constant. For energies less than 50 kev, however, this is no longer the case. 
In view of the large scatter of the data, we have so far not been able to note 
any consistent regularities and accordingly have not plotted the data for Ey <50 
kev in the figures. For E2 and Ml (Ey > 50 kev) , one can deduce more accurate 
values, i.e., M/L ~0.25 and (M + N)/L © 0.31. 
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As regards (N + 0)/M, we have even fewer data and for the most part these 
are even less reliable. In general, however, the values of this ratio fall be- 
tween 0.2 and 0.4. 

In conclusion, it should be noted that in many cases measurements of ICC 
are rather inaccurate and often contradictory. Thus, for example, for the 74.7 
kev transition in Dyl61 we find a value of 1.30 for K/L reported by Cork et a1 91 
and a value of ~7 reported by Smith et al92, Both series of measurements were 
made in 1956. For the 337 kev transition in In!15 Antonova93 reports a value 
of 2.2+0.3 for L/M, whereas Varma & Mandeville give >10 for this ratio?4 (see 
_Fig.6). Other examples of large divergences are not lacking in the literature. 

Moreover it must be noted that until now ICC have been measured for less 
than 10% of the known 7-transitions. 

In cases when the ICC has been measured with reasonable accuracy, it is 
found that the theoretical ICC of Sliv, calculated taking into account the 
finite nuclear size, are generally in satisfactory agreement with experiment. 
At the same time there is reason to assume that for strongly forbidden transi- 
tions there may be cases when the ICC may depend significantly on finer details 
of nuclear structure. The effect - if it exists at all and definitive proof is 
still lacking - is undoubtedly rare and peculiar to individual nuclei. 

The author desires to express his gratitude to L.A.Sliv for making avail- 
able some results of his calculations of L shell conversion coefficients prior 
to publication, for supplying reprint copies of Refs.8,45 and 89 and for discus- 
sion of the present review. 


References 


1. A.Wapstra & G.Nijgh, Nucl.Phys., 1, 245 (1956). 

2. F.McGowan & P.Stelson, Phys.Rev., 103, 1133 (1956). 

3. E.M.Krisiuk, G.D,Latyshev, M.A.Listengarten, L.A.Ostretsov & A.G,Sergeev, 
Izv.AN SSSR, Ser.fiz., 20, 363 (1956). (Trans.Bulletin 20, No.3, 332.) 

4. L.A.Sliv, Zhur.eksp.i teor.fiz., 21, 770 (1951); L.A.Sliv & M.A. Listen- 
garten, Zhur.eksp.i teor.fiz., 22, 29 (1952); L.A.Sliv & I.M.Band, Tablitsy 
koeffitsientov vnutrennei konversii y-izlucheniia (Tables of internal conversion 
coefficients) Part 1, M.-L., 1956. 

5. M.Rose, G.Goertzel, B.Spinard, J.Harr & P.Strong, Phys.Rev., 83, 79 
(1951); M.Rose, in Beta- and Gamma-Ray Spectroscopy, edited by K.Siegbahn, 
Amsterdam, 1955. 

6. E.Church & J.Weneser, Phys.Rev., 104, 1382 (1956). 

7. V.B.Berestetskii, A.Z.Dolginov & K.A.Ter-Martirosian, Zhur.eksp.i teor. 
fiz., 20, 527, (1950). 

8. S.Nilsson & J.Rasmussen, Nucl.Phys., 5, 617 (1958). 

9. J.O.Rasmussen, F.L.Canavan & J.M.Hollander, Phys.Rev., 107, 141 (1957). 

10. E.Snyder & S,Frankel, Phys.Rev., 106, 755 (1957). 

11. P.Stelson & F.McGowan, Phys.Rev., 105, 1346 (1957). 

12. D.Engelkemeier & L.Magnusson, Phys.Rev., 99, 135 (1955). 

13. J.Milsted, S.Rosenblum & M.Valadares, C.R.Acad.Sci., 239, 259, 700 (1954); 
T.F.Turner, Philos.Mag., 46, 687 (1955); N.Jaffe, T.Passel, C.Braun & I, Perlman, 
Phys.Rev., 97, 142 (1955); S.A,Baranov & K.N.Shliagin, Reports presented at 
International Conference on the Peaceful Uses of Atomic Energy, 1955. 

14. S.Rosenblum & M.Valadares, J.phys.et radium, 18, 609 (1957). 

15. L.Kisslinger, Bull.Amer.Phys.Soc., 2, 358 (1957); A.S,Reiner, Nucl.Phys., 
5, 544 (1958). 

16. J.Reitz, Phys.Rev., 77, 10 (1950). 

17. H.Brown & R.Becker, Phys.Rev., 96, 1372 (1954). 


- 768 - 


18. F,.McGowan, Phys.Rev., 85, 151 (1952). 

19. A.Sunyar, Phys.Rev., 93, 1345 (1954). 

20. R.L.Graham, J.L.Wolfson & M.Clark, Phys.Rev., 98, 1173 (1955). 

21. F.McGowan & P.Stelson, Phys.Rev., 107, 1674 (1957). 

22. R.Graham, J.Wolfson & R.Bell, Canad.J.Phys., 30, 459 (1952). 

23. K.Linden & N.Starfelt, Arkiv Fys., 7, 109 (1954). 

24. N.Jaffe, Nucl.Sci.Abstrs., 9, No.24B, (1955). 

25. A.Bisi, E.Germagnoli & L.Zappa, Nuovo Cimento, 3, 1007 (1956). 

26. H.Houtermans, Z.Phys., 149, 215 (1957). 

27. O.Nathan, Nucl.Phys., 4, 125 (1957). 

28. M.Clark & J.Knowles, Bull.Amer.Phys.Soc., 2, 231 (1957). 

29. V.S.Gvozdev, L.I,Rusinov & Iu.L.Khazov, Abstracts of reports presented 
at the Eighth Conference on Nuclear Spectroscopy, M.-L., 1958. 

30. R.M. Steffen, Phys.Rev., 82, 827 (1951). 

31. J.Juliano & F.Stephens, Phys.Rev., 108, 341 (1957). 

32. F.Metzger & R.Hill, Phys.Rev., 82, 646 (1951). 

33. M.Johns, C.McMullen, I.Williams & S,Nablo, Canad.J.Phys., 34, 69 (1956). 

34. F.Porter, M.Freedman, T.Novey & F.Wagner, Phys.Rev., 103, 921 (1956). 

35. V.R.Potnis, Phys.Rev., 104, 722 (1956). 

36. R.Roy & M.Goes, C.R.Acad.Sci., 238, 469 (1954). 

37. M.Juric & D.Stanojevic, Bull.Inst.Nucl.Sci.Boris Kidric, 5, 15 (1956). 

38. S.Rosenblum, M.Valadares & M.Guillot, J.phys.et radium, 15, 129 (1954). 

39. M.Thieme & E,Bleuler, Phys.Rev., 102, 195 (1956). 

40. M:Thieme & E.Bleuler, Phys.Rev., 101, 1031 (1956). 

41. N.Marty, H.Langevin & P.Huber, J.phys.et radium., 14, 662 (1953); C.R. 
Acad wSel. , 2964 L153 (1953).. 

42. L.Koerts, P.Macklin, B,Farelly, R.Van Lieshdéut & C.Wu, Phys.Rev., 98, 
1230 (1955). 

43. L.Simons, Phys.REv., 86, 570 (1952). 

44, D.Connors, W.Miller & B.Waldman, Phys.Rev., 102, 1584 (1956). 

45. A.Wapstra, Proceedings Rehovoth Conference on Nuclear Structure. - 
Amsterdam, 1958. 

46. P.Kramers, H.Hamers & G,Meijer, Physica, 22, 208 (1956). 

47. D.E.Alburger, Phys.Rev., 88, 339 (1952). 

48. W.Bendel, Phys.Rev., 90, 880 (1952). 

49. R.S.Caird & A.C.Mitchell, Phys.Rev., 94, 412 (1954). 

50. M.J.Glaubman, Phys.Rev., 98, 645 (1955). 

51. R.Rohr & R,Birkhof, Phys.Rev., 98, 1266 (1955). 

52. B.Farrelly, L.Koerts, N.Benczer, R.Lieshéut & C.Wu, Phys.Rev., 99, 
1440 (1955). 

53. L.Langer, N.Lazar & R.Moffat, Phys.Rev., 91, 338, 485 (1953). 

54. D.Hutchinson & M.Wiedenbeck, Phys.Rev., 88, 699 (1952). 

55. G.Bertolini, M.Bettoni & E,Lazzarini, Nuovo Cimento, 2, 273 (1955). 

56. Z.O'Friel & A,Weber, Phys.Rev., 101, 1076 (1956). 

57. G.Keister, E,Lee & F,Schmidt, Phys.Rev., 97, 451 (1955). 

58. H.Finston & W.Bernstein, Phys.Rev., 96, 71 (1954). 

59. K,Ia.Gromov, B.S,Dzhelepov & B.K,Preobrazhenskii, Izv.AN SSSR, Ser. 
fiz., 21, 918 (1957). (Trans.Bulletin, 21, No.9, 920.) 

60. R,L.Graham, J,L.Wolfson & M.A,Clark, Nucl.Sci.Abstr., 9, No.24 B, 96 
(7955). 

61. J.Mihelich, Phys.Rev., 87, 646 (1952). 

62. K.Ia.Gromov, B.S,Dzhelepov, V.G.Dmitriev, V.A.Morozov, L.K,.Peker & 
B.K. Preobrazhenskii, Abstracts of reports presented at the Eighth Conference 
on Nuclear Spectroscopy, M.-L., 1958. ’ 


- 769 - 


63. P.Gray, Phys.Rev., 101, 1306 (1956). 

64, Iu.G.Bobrov, K.Ia.Gromov, B.S,Dzhelepov & B.K.Preobrazhenskii, Izv. 
AN SSSR, Ser.fiz., 21, 940 (1957). (Trans.Bulletin 21, No.7, 942.) 

65. E,P.Grigor'ev, B.S.Dzhelepov, A.V.Zolotavin, B.Kratsik, B.K.Preobrazhen~ 
skii & I.S. Ianchevskaia, Doklady AN SSSR, 117, 53 (1957). 

66. J.Mihelich & E,Church, Phys.Rev., 85, 690 (1952). 

67. J.Murray, P.Snelgrove, P.Marmier & J.Dumond, Phys.Rev., 97, 1007 (1956). 

68. V.M.Kel'man, V.A.Romanov, R.Ia.Meskhvarishvili & V.A.Kol'tsov, Zhur. 
eksp.i teor.fiz., 32, 39 (1957); Nucl.Phys., 2, 395 (1956). 

69. K.Nielsen & O.Nielsen, Nucl.Phys., 5, 319 (1958). 

70. J.Swann & R.Hill, Phys.Rev., 91, 424 (1953). 

71. L.Baggerly, P.Marmier, F.Boehm & J.Dumond, Phys.Rev., 100, 1364 (1955). 

72. V.M.Kel'man, R.Ia. Metskhvarishvili, V.A,Romanov & V.V.Tuchkevich, Zhur. 
eksp.teor.fiz., 33, 588 (1957); Nucl.Phys., 4, 240 (1957). 

73. L.A.Sliv & I.M.Band, Tablitsy koeffitsientov vnutrennei konversii y- 
izlucheniia (Tables of internal conversion coefficients) Part 2, L shell, M.1958. 

74. K.Siegbahn & T.Gerholm, in Beta- and Gamma-Ray Spectroscopy, edited by 
Siegbahn, Amsterdam, 1955. 

75. A.Zhernovoi, E,Krisiuk, G.Latyshev, A,Remennyi, A.Sergeev & V.Fadeev, 
Zhur.eksp.i teor.fiz., 32, 682 (1957). (Trans.JETP - Soviet Phys.) 

76. A.G.Sergeev, Transactions of the Eighth Conference on Nuclear Spectro- 
scopy, L., 1958. 

77. B.S.Dzhelepov, A.A.Bashilov & L.S.Chervinskaia, Izv.AN SSSR, Ser.fiz., 
17, 428. (1953). 

78. M.Frilley & M.Valadares, J.phys.et.radium, 18, 468 (1957). 

79. K.Nielsen, O.Nielsen & M.Wagonner, Nucl.Phys., 2, 476 (1956). 

80. M.Mladenovic & H.S14tis, Arkiv Fys., 8, 65 (1954). 

81. E,M.Krisyouk, A.V.Sergeev, G.D.,Latyshev & V.D.Vorobyev, Nucl.Phys., 4, 
579 (1957). 

Bee nh, Hott, Nucl,Sci.Abstr., 9, 24 B, 119:(1955). 

83. J.Mihelich, A.Schardt & E.Segré, Phys.Rev., 95, 1508 (1954). 

84. F,Wagner, M.Friedman, D.Engelkemeier & J.Huizenga, Phys.Rev., 89, 502 
(1953). 

85. O.B.Nielsen, Dan.Mat.-Fys.Medd., 30, 11 (1955). 

86. V.M.Kel'man, V.A.Romanov & R.Ia.Metskhvarishvili, Doklady AN SSSR, 103, 
577 (1956). 

87. V.Vorob'ev, K.Il'in, T.Kol'chinskaia, G,Latyshev, A.Sergeev, Iu.Trofimov, 
& V.Fadeev, Izv.AN SSSR, Ser.fiz., 21, 954 (1957). (Trans.Bulletin, 21, No.7, 
956.) 

88. E.Sokolovski, K.Edvarson & K.Siegbahn, Nucl.Phys., 1, 160 (1956). 

89. R.Cressman & R.Wilkinson, in Proceedings of the Rehovoth Conference on 
Nuclear Structure, Amsterdam, 1958. 

90. Data taken primarily from Nuclear Science Abstract, 24 B, 7 (1953), 8 
(1954), 9 (1955), 10 (1956); 11, 1-20 (1957); J.M.Hollander, I,Perlman & G,T. 
Seaborg, Revs.Mod.Phys., 28, 469 (1953). 

91. J.Cork, M.Brice, L.Schmid & R.Helmer, Phys.Rev., 104, 481 (1956). 

92. W.Smith, J.Hamilton, R.Robinson & L,Langer, Phys.Rev., 104, 1020 (1956). 

93. A.Antonova, Izv.AN SSSR, Ser.fiz., 20, 896 (1956). (Trans.Bulletin 20, 
No.8, 814.) 

94, J.Varma & C.Mandeville, Phys.Rev., 97, 977 (1955). 


(hy. V2) Yo 


(ryp. Ve) 


(94.72) 2" 


307.7 
198 1712E 2 261 240 
MI+E2 Mf &f Ff 


(dy. Yo) 7" 
(dyp, V2) f2 


(dy, 10) 72" 
(dy, %2) Ya 


- 770 - 


CONVERSION ELECTRONS FROM ybl69 
- K.Ia.Gromov, B.S.Dzhelepov & B.K. Preobrazhenskii 
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Fig.1. Decay scheme for 


Yb169, 
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Ytterbium!§9 , capturing atomic electrons, 
transforms to Tml169, The radiation accompanying 
the decay of Yb169 has been investigated a number 
of times.1-4 

As a result of investigation of y-y coinci- 
dences2, precision measurements of the y-transi- 
tion energies* and determination of the relative 
y-ray and conversion electron intensities!-4 
there has been elaborated the decay scheme shown 
in Fig.1. In all the investigations referred to, 
the y-ray and conversion electron measurements 
were made on Yb169 samples prepared by neutron 
irradiation of stable ytterbiun. 

We investigated the conversion electron spec- 
trum of Yb169 obtained by spallation of tantalum.9 
The ytterbium (lactate) sample obtained as a re- 
sult of chromatographic separation was evaporated 
onto a 0.005 x 1.0 x 6 mm aluminum strip which 
was used as the source in studying the conversion 
electron spectrum in a Ketron type® magnetic spec- 
trometer. The resolution of this instrument in 
our experiments was 0.6%. 
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Fig.2. Conversion electron spectrum of Yb169, 
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Table 1 


Results of experimental investigation of conversion electrons from yb!%9 


= Relative Identifi- 
No. age Kev Hp» Gs«om intensity cation EY, kev 
1 5,47-+40,06 250 
2 5, 940,02 261 \ L—Auger 
3 6,30-40,02 268,5 (M-8,4) 
4 7, 70-40,02 297 wo (N-8, 4) 
5 10}420,06 346 L-24 
6 18,220.14 459 M-21 
7 20:16-40,12 507, 5 rT N-21 
8 3386-0 ,05 631 136412 | K-93 93,2-+0,3 
9 35 ,35-40,05 645 ” te 
40 38 /88-0,15 673 u. = 
14 40,23-40,13 690 in = 
12 4140-40, 10 700 a $3 
43 49,93-40.17 772 348412 | K-109 109,3+0,3 
14 52, 70-40,07 794 1 7646 | L163 62,7+0.3 
15 54,11+0,14 805 f Li11-63 Re 
16 5838-40, 12 838 17,24+1,4| K-118 117, 74+0,25 
17 60,3840, 28 853 16,8+1,2| M-63 So 
18 62,200.13 866 3'641,2 | N-63 
19 70,710,07 927,5 592 | K-130 
20 83'08-0/25 | 1014 14,2+1,2 | 11-93 
24 91,000,29 | 1062 2°840,2 | M-93 
22 92.6 1072 0;5-0,1 | N-93 
23 99:19+0,06 | 1113 51/641,0| L-109 
24 107/05-40,24 1160 "| M109 
25 108;05-0,30 | 41166 | 30,644,5 |\L-118,N-109 
26 109,14+0,02 | 1173 
27 117/50-+0,05 | 1224 92+5 | K-177 
28 120'6940,05 | 1239 Leet || £i1-130 
29 121/53-40,05 | 1244 \ + L111-130 
30 128/2250116 | 1281 11,641,6 | M-130 
31 129'75-40,20 | 1290 5'5-0'5 | N-130 
32 138,444-0,13 | 1337 100 K-198 
33 167,08-0,20 | 1487 septeates Ste Lans-188 
34 168.1 0,20 1492 pe * etry. 77 
35 174'72-0,10 | 1525 3,2+0,4| M-177 
36 176,6 0,2 1535 1,440.4 | N-177 
37 188/07-40,10 | 1594 pire Ly1-198 
38 189'0 02 1596 \ ae Li11-198 
39 195;7 10/3 1625 3,440,4 | M-198 
40 197.6 -£0.3 1638 1,440.2 | N-198 
44 2018 =0)2 1658 0/44+0;1 | K-261 
42 248;70-0,05 | 1875) pte wee: 308,03 
43 249°9 0,4 1881 f 2 LEN ea 309,23 
44 298,480.13 | 2094 1,240,1 | L-308 
45 306,070.10 | 2127 0;3-£0,1 | M-308 


The tantalum target was bombarded with protons for about three months. The 


chromatographic separation was carried out one week after the end of bombardment 
and the measurements were begun two weeks later. 
The recorded conversion electron spectrum is shown in Fig.2. 
ments of the spectrum carried out twice at intervals of about a month showed that 
the appearance of the spectrum did not change with time and that the intensity 

of the conversion lines fell off with a period of about 32 days. 
observed conversion lines could safely be attributed to yb1®9, 


Repeat measure- 


Thus all the 


The results of our measurements are listed in Table l. 
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63 kev transition 


We attributed the 52.70, 54.11, 60.38 and 62.20 kev conversion lines (Fig. 
3) to a 62.7 + 0.3 kev y-transition, identifying them as the (Ly + Lyyz), Lyqy7, 
M and N lines respectively. 
sion lines, (LT + Lyp/Lyyzy, is in best agreement with the theoretical value of 
this ratio for an El transition (Table 2). 


750 


Fig.3. Section of Yb169 con- 


version electron spectrum: 
lines due to conversion of 
the 62.7 kev y-transition. 


The ratio of intensities of the L internal conver- 


93 kev transition 


We ascribed the 33.86 (K), 83.08 (Ly), 91.00 
(M) and 92.6 kev (N) electron lines to a 93 kev 
transition. From the difference K - M (57.14 + 
+ 0.34 kev), we unambiguously established that the 
transition occurs in the Tm nucleus (Z = 69). On 
the basis of the K line, the energy of the transi- 
tion is found to be 93.2 + 0.3 kev. The 83.08 kev 
peak agrees exactly with the position of the Ly 
subshell internal conversion line for a transition 
of this energy. This substantiates our identifica- 
tion of the 83.08 kev line. Consideration of the 
theoretical L subshell conversion coefficients 
for a transition of 93.2 kev energy shows that 
conversion occurs primarily on the Ly subshell 
only for El, Ml and M2 type transitions. The ex- 
perimental value of the ratio of intensities of 
the K and L conversion lines for this transition 
is 9.6. This ratio does not agree with any of 
the theoretical values but is closest to the theo- 
retical K/L ratios for Mland El transitions 
(Table 2). 


Table 2. 


Comparison of the experimental and theoretical 


line intensity ratios in the conversion spectrum of Yb169 


Transition 
energy, kev 


Experi- Theoretical values 
Ratio mental 
value E1 E2 E3 M1 M2 M3 
| | 

(Li+Lir)/Liut Bae) 2,9 eal O24 11000. eos Ano 
K/L 9,6 6,9 OFST ARG Tiros 3 0,85 
K/L 6,7 vi=0] ar Oe 1 leon 335 42 
Te 1 6,4 ee Ol) ie 3,8 daz 
K/L 43 6 1,6 U7 Satie ee? 3,9 Vo 
(L14+- Li )/Li11 4 aes) ev DIE Ane Bs ARS 
K/L 6,8 6,8 Divak O avi Die 4,4|.2,4 
(Li4+ Lir)/Li11 A A 140 Dit 135 OTOr te Zeo 
Sy Es 5,4 6,9 PA OSiei iors 4,9 yaa 
(Li+-L11)/Liit Ae Teo Hye 2 1,9 135 ewlO 340 
ONE 3,4 6,8 4,0 1,6 6,3 5,8 ec 
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109 kev transition 


We attributed the 49.94 (K), 99.19 (L) and 107.05 kev (M) electron lines to 
a 7-transition of 109 kev. From the fact that the difference K - M equals 
57.1 + 0.4 kev, we infer that this transition occurs in the thullium nucleus. 
From the energy of the K line, we obtain a value of 109.3 + 0.3 kev for the pre- 
cise energy of the y-transition. The energy of the L line (99.19 kev) and its 
shape allow us to infer that L conversion of this transition occurs primarily 
on the Ly subshell. The experimental value of K/L is closest to the theoretical 
ones for Ml or El (Table 2). Preferential conversion on the Ly subshell 
(Li/(Lyy + Lyzy) = 10) is characteristic of Ml type transitions (for El we would 
have Li/(lyyz + Lyrq) = 1.8). 


118 kev transition 


We do not have sufficient clear data to affirm the existence of a transi- 
tion of this energy (the K line is discernible, but the L line is not resolved 
from the neighboring lines), but other authors? report the existence of the Y- 
transition. It may be assumed therefore that the conversion line at 53.38 kev 
is the K line of this transition. If we assume that this y-transition occurs in 
the thullium nucleus, its energy comes out to be 117.71 + 0.25 kev. The L shell 
conversion line of a 117.7 kev transition should have an energy of about 108 kev, 
i.e., should be located between the M and N lines of the 109 kev y-transition. 

In this region there actually are several unresolved electron lines. Probably 
these are the M and N lines of the 109 kev transition and the L line of the 117.7 
kev transition. Inasmuch as the lines have not been resolved, we cannot deter- 
mine the intensity of the L line. However, on the basis of the experimentally 
established fact that the intensity of conversion on the M and N subshells usual- 
ly amounts to 25-40% relative to the intensity of L conversion, we can evaluate 
the intensity of the M and N conversion lines of the 109 kev transition. [In the 
relative units utilized in Table 1, this intensity is ~15; hence the L-117.7 in- 
tensity is also ~15, i.e., the K/L ratio for the 117.7 kev transition is approx- 
imately unity. 

Comparison of this value with the theoretical one (Table 2) enables us to 
limit the possible multipole orders of the 117.7 kev transition to E2 and M3. 

The M line of this transition, whose energy must be about 115.4 kev, is indis- 
cernible against the background of the intense 117.5 kev (K-177) line. 


130 kev transition 


We associated the 70.71 (K), 120.69 (Ly + Lyz), 121.53 (Lyyqz), 128.22 (M) 
and 129.75 kev (N) lines with a 130 kev transition. The difference K - M= 
= 57.51 + 0.20 kev; consequently, this transition occurs in the thullium nucleus. 
From the position of the K line we obtain a value of 130.04 + 0.2 kev for the 
energy of this transition. It follows from this energy value that the 120.69 
and 121.53 kev lines are the (Ly + Lyq) and Lyyy lines, respectively. Comparison 
of the experimental and theoretical values of K/L and (Ly + Lyy)/Lyyzqz shows that 
‘this transition is either E2 or M3 (Table 2). It should be noted that the (Ly 1 
+ Lytz) peak is located closer to the energy position of the Lyyy line, which is 
characteristic of an E2 transition (in the case of M3 the peak should be closer 
to the nominal position of the Ly line). 
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177 kev transition 


We associated the 117.50 (K), 167.08 (Ly + 
oa Lyq), 168.1 (Liz) , 174.72 (M) and 176.6 kev 
(N) lines with a transition of 177 kev energy. 
From the difference K - M, which is 52.20 + 0.15 
kev, it may be inferred that the transition oc- 
curs in a nucleus with Z = 69. Consequently, 
the transition energy on the basis of the K 
line position is 176.83 + 0.3 kev. Assuming 
this energy value, we can identify the lines 
at 167.08 and 168.1 kev as the (Ly; + Lyz) and 
Lyzzy conversion lines; from the position of the 


TES aT 1s00 We Been 167.08 kev line peak it may be inferred that 
conversion occurs primarily on the Lyy subshell. 

Fig.4. Section of Yb169 con- From a comparison of the experimental and 

version spectrum: L lines of theoretical values of K/L and (Ly + Lyy)/Lyrqy 
the 177.2 kev y-transition. (Table 2 & Fig.4) we cannot unambiguously select 


Wh between Mi and E2 for this transition. Probably 
P in this case we have a mixture of Ml + E2, 


198 kev transition 


We attributed the 138.41 (K), 188.07 
(Ly + Lyz), 189.0 (Lyyzz), 195.7 (M) and 197.06 
kev (N) electron lines to a 198 kev y-trans- 
action. From the fact that K - M = 57.3 + 0.4 
kev we infer that the transition occurs in the 
thullium nucleus. From the K line we obtain a 
value of 197.74 + 0.4 kev for the transition 


500 


Sorat aT dole . energy. Assuming this value, the lines at 
wo 1010 "pCs(M = 488.07 and 189.0 kev may be identified as the 
Fig.5. Section of the ybl69 (Lt + Lyy) and Lyyz conversion lines; the posi- 
conversion spectrum: L lines tion of the (Ly + Lyyz) peak indicates that con- 


of the 198.0 kev y-transition. version occurs primarily on the Lyyz subshell. 

We cannot make an unambiguous choice between 
Mi and E2 through comparison of the experimental and theoretical values of K/L 
and (Ly + Lyy)/Lyyz (Table 1 & Fig.5). Probably the 198 kev transition is a 
mixture of Ml + E2. 


261 kev transition 


The line at 201.8 kev may be attributed to a 261 kev transition. Assuming 
this to be the K conversion line, we obtained an energy value of 261.1 + 0.5 
kev for this transition. 


308 kev transition 


The 248.7 (K), 298.48 (L) and 306.07 kev (M) electron lines may be attri- 
buted to a transition of 308 kev energy. The shape of the 248.7 kev line (Fig. 
6) is distinctive; it must be assumed that there exists a close unresolved line 
of 249.9 + 0.1 kev energy. This line might be identified as the L line of the 
261 kev transition. In this case, however, the order of this transition would 
be quadrupole or higher (K/L = 0.4). Against this identification there is also 
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the fact that the M line of the 261 kev transition 
is not discernible, although if this identifica- 
tion were true it should be quite noticeable. We 
feel it more plausible to identify this line as the 
K line of a 309.2 kev transition. This identifi- 
cation is not inconsistent with the shape of the 
298.48 and 306.07 kev lines, if they are assumed 
to be the joint L and M peaks associated with 
308.03 and 309.23 kev y-transition. 

Inasmuch as it is impossible to separate 
the L lines of these transitions, we cannot deter- 
mine the K/L ratios for them. The ratio of the 
total intensities of the K and L lines of these 
transitions is 3.4. This value is close to the 
theoretical ratios for E2 and M3 transitions 
(Table 4). 


Discussion 


The above are the principal experimental 
results of our investigation of the conversion 
1850 1875 1900 electron spectrum of Yb!69, With a view to re- 
"P&S" ining the data on the multipolarity of the y- 
Fig.6. Section of Yb169 con- transitions we can compare the relative conver- 
version spectrum: K line of sion line intensities obtained in the present in- 
the 308 kev y-transition. vestigation with the relative intensities of the 
y-rays according to the data of DuMond's group4. 
For calculating the conversion coefficients we assumed that the 130.5 kev transi- 
tion is E2. Our assumption is based on the facts that the existence of a rota- 
tional band based on the ground state of Tm169 is proved beyond doubt* and that 
a 130.5 kev transition in this band must be of the E2 type. Furthermore, the 
multipole order of the 130.5 kev transition is established on the basis of the 
K/L and (Ly - Lyy)/Lyyzz ratios with greater certainty than for the other transi- 
tions. 

In column 2 of Table 3 we give the relative y-ray intensities according to 
DuMond*, In columns 3 & 4 we give the relative intensities of the K and L con- 
version lines according to our data in the same units as for the y-ray intensi- 
ties (Q for the 130.5 kev transition was taken equal to the theoretical value 
of 0.56). In columns 6 & 7 we give the experimenta values of the internal con- 
version coefficients Ox and Qj, calculated as the ratios of the intensities of 
the K and L lines and the intensities of the corresponding y-rays. In the re- 
maining columns we list the theoretical conversion coefficients for transitions 
of different multipole orders. 

Comparison of the experimental and theoretical values of the internal con- 
version coefficients leads us to the following conclusions. 

1. The calculated value of Qj, for the 130.5 kev transition is in good agree- 
ment with the theoretical value for E2 which again substantiates our assignment 
above. 

2. The experimental value of Q, indicates that the 118.2 kev transition is 
pure E2. 

3. Comparison of the experimental and theoretical values of ay, shows that 
the 63.1 kev transition is pure El. This substantiates the assignment made 
above on the basis of the (Ly + Lyy)/Lyyzq ratio. 
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4. The experimental values of Q, and Q;, for the 93.6 kev transition are in 
closest agreement with the theoretical values for Ml. One can find no mixture 
that will give complete agreement for the experimental and theoretical values 
of both OQ and Q;. Admittedly, the experimental value of Oy for this transition 
(4.5) is almost two times greater than the theoretical value (2.4) for an Ml 
transition. This may be explained by inaccuracy in determining the intensity 
of the K-93.6 line. It should be borne in mind that this electron line has the 
lowest energy of all the lines for which we have given relative intensities. 

5. The experimental values of the conversion coefficients for the 109.78 
kev transition are in good agreement with the theoretical ones for Ml. Any ad- 
mixture of E2, apparently, does not exceed 10%. 

6. As was noted above, where the 177 and 198 kev transitions are concerned 
one cannot make a choice between Ml and E2 on the basis of the K and L conver- 
sion intensity ratio. The values of the internal conversion coefficients listed 
in Table 3 are close to the theoretical ones for Ml transitions. It may, how- 
ever, be asserted that the admixture of E2 in these transitions is not less than 
20%. The principal argument in favor of this assertion is the shape of the 
total L conversion lines, indicating predominance of conversion on the Lyyyz sub- 
shell. 

7. The experimental value of the K shell conversion coefficient for the 
261.0 kev transition indicates that it is El. 

8. We hypothesized the existence of a 309.2 kev y-transition. This transi- 
tion has not been detected in observation of y-rays. Hence the intensity of the 
307.7 kev 7¥-rays given in DuMond's work must be regarded as the total intensity 
of the 307.7 and 309.2 kev y-rays. In Table 3 we give the values of OQ, and Q, 


Tx-307,7 +1 -309,2 Th -307,7 + Tr.309,9 
T I and isp T , 
-307,7 Y-309,2 -307>7 an -307,7 


are closest to the theoretical ones for E2. It is possible that both the 309.2 
and 307.7 kev transitions are of the E2 type. 

9. In column 19 of Table 3 we have listed the total intensities of the vari- 
ous y-transitions referred to the total intensity of ybl169 decay, taken as 100. 
The intensity of the y-transitions is proportional to the intensity of the y-rays 
multiplied by (1 + Qot)-. For the total conversion coefficient, Qtot, we took 
the sum of the experimental K and L shell conversion coefficients. In cases 
where experimental coefficients were lacking we used the theoretical values. 

Our data on the conversion electrons from Yb169 substantiate the decay 
scheme proposed by Johannson? and the DuMond group4 and reproduced in Fig.1. 
There is a minor disagreement between our data and those of DuMond regarding 
the multipolarity of the 177 and 198 kev transitions. According to DuMond, the 
admixture of E2 in these transitions does not exceed 20%, whereas according to 
our data the admixture of E2 cannot be less than 20%. Our data show that the 
261 kev transition is really E2, as was hypothesized by DuMond and his co-workers. 
The suggested existence of a 309.2 kev y-transition requires verification. 


calculated as » respectively. The listed values 


Appendix 
Verification of the energy calibration of the instrument 


In the present investigation, as in the work of Refs.7,8 & 9, the conver- 
sion line energies were determined by means of the calibration curve established 
for our instrument. The instrument was calibrated in 1951-1952 by P.P, Zarubin® 
with reference to the well known A, Bb, B F and X conversion lines of Th(B+C+C'+ 
+0"). The calibration uncertainty did not exceed 0.2%. However, comparison of 
our data on conversion line energies with the data of other authors showed sys- 
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tematic divergences attaining ~1% at an energy of about 50 kev. In view of this, 
the conversion line energies obtained from the instrument calibration curve were 
corrected in the work of Refs.7-9 by the method indicated therein to take into 
account the said deviations. The precision measurements of the Yb169 y-transi- 
tion energies carried out by the DuMond group by means of a curved crystal 7- 
spectrometer4 offered an excellent opportunity for checking the calibartion 
curve of our instrument through comparison of our conversion line energy values 
with the y-ray data of DuMond. 
On the basis of these data we plotted the calibration curve corrections 
Conversion line energy shown in Fig.7. As may be seen from 
“ the figure, in the region from 130 
to 300 kev our energy values agree 
within the limits of the calibration 
uncertainty with those of DuMond's 
group. In the region below 130 kev 
there is a systematic deviation be- 
tween our values and those of DuMond. 
It is possible that the deviations 
are connected not with incorrect 
calibration of the instrument but 
with the finite thickness of the 
Fig.7. Verification of the energy calibra- source. In view of the fact that 
tion curve for our spectrometer: + - data all the sources which we used in 
of Ref.4; O - our data. investigating the conversion elec- 
tron spectra of neutron-deficient 
isotopes of rare earths were prepared by an identical procedure, there is reason 
to assume that the thickness of the sources was approximately the same. Hence 
in the future we plan to use the curve of Fig.7 for refining our conversion elec- 
tron energy values. We assume that the 1951-1952 calibration is essentially 
correct in the range of energies above 130 kev. Up to 300 kev this is substanti- 
ated by the curve in Fig.7. For checking the calibration in the region above 
300 kev we used the absolute values of the magnetic field intensity in the homo- 
geneous region of the magnet gap in our instrument as measured by the method of 
proton resonance. Comparison of the field strengths obtained from the calibra- 
tion curve with the values ascertained by the proton resonance procedure indi- 
cates that the calibration of the instrument in this energy region is essentially 
correct. 


"v.G.Khlopin” Radium Institute 
Academy of Sciences of the USSR 
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LEVEL DIAGRAM OF T1298 
- A.G.Sergeev, E.M.Krisiuk, G.D.Latyshev, V.D.Vorob'ev & T.I.Kol'chinskaia 


The sequence of T1208 levels, 
evinced in o-decay of Bi212, has been 
established in studiesl,2 of the q- 
spectrum fine structure (see figure). 
A spin assignment of 5+ for the ground 
state of T1298 follows from the work 
of Krisiuk et al3. According to 
Horton's4 investigation of Q-y angular 
correlation, the spin of the first ex- 
cited level (40 kev) of T1708 is 44. 
Nielsen® on the basis of the determined 
multipole orders of the y-transitions 
assigned the following spins and pari- 
ties to the excited levels of T1298. 
328 kev - 44+, 5+; 473 kev - 4+, 5+; 
493 kev - 3. 

On the basis of an investigation 
of the internal conversion spectrum 
of a radiothorium active deposit weo-8 
determined the multipole orders of the 
y-transitions pertaining to the Bi 
—T1208 gecay (Table 1). The multi- 

Level diagram of T1208 pole orders were determined from the 
absolute conversion coefficients and 
in three cases substantiated by the ratios of the K and L conversion probabili- 
ties. The multipole order of the 40 kev transition was determined from the ra- 
tios Ly:Lyy:hlyyy7- The absolute conversion coefficients were calculated using 
the data of Rytz on Q-group intensities. The multipole orders determined in 
this manner substantiate the spin assignments for the excited levels of T1208 
given by Nielsen9. 


Table 1 
Multipole orders of y-transitions 


i Percent per decay Multipole 
? Kev Shell I, | I order 
Ce ee ee 
EX 44,6 
Li 4,7 : 
LI 0,44 M1 
39,85 M 42,0 68,5 
N Bae, 
O 0,65 
144,9 K 0,036 0,05 M1 
288,18 K 0,26 1,04 M1 
G 0,05 
328 , 02 K 0,083 y 
fa 07013 0,43 M1 
433 ,6 K 0,005 0,048 M1 
9 K 0,09 | 
Caan L 0,02 1,05 M1 
473,0 K 0,012 0,14 M1 
493), 2 1G 0,007 0,36 
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In order to verify and revise the spin assignments for the excited levels 
of 71208 | we calculated the relative intensities of the Q-transitions taking in- 
to account the angular momentum carried off in each case (Table 2). 


Table 2 
Relative intensities of Q-transitions 
Angular {| Relative intensities 
Level Spin {momentum i 
of ser 4 
| tnariscls Exper. he, ox |Theo. 1 #0 
0 o 5 1 1 1 
40 4 3&5 2,6 0,67 3;4—0;67 
328 4 3&5 0,06 0,034 0,18—0,034 
5 5 0,034 
473 4 3&5 0,04—0,007 
5 5 0,0055 | 0,007 , 007 
493 3 3 0,04 0,005 0,03 
619 5 5 0,0014 
6 5 &7 0,0006 | 0,0014 0,0014—0,0002 
a if 0 ,0002 


*Calculation according to Ref.9. 
*kTable 3 in Ref.4 used in the calculation. 


It will be seen from Table 2 that taking into account the angular momentum 
of the Q-particles leads to appreciably better agreement with experiment. It 
will be noted that there is excellent agreement of the calculated relative pro- 
babilities with the experimental values for the Q-transitions to the 0, 40 and 
493 kev levels, the spins of which have been established unambiguously. This 
allows of determining the spins of the other levels for which no definite assign- 
ments have been made. It will be evident from Table 2 that the most probable 
assignment for the 619 kev level is 6+. This is substantiated by the fact that 
in the conversion spectruml0 ,11 there is observed a transition from the 619 level 
to the ground state (5+), whereas there is no detectable transition from the 619 
kev level to the 40 kev level (4+). 

Where the 328 and 473 kev levels are concerned, the best agreement with the 
experimental Q-group intensities is obtained with the assignments 4+ and 5+, re- 
spectively. With these spins, however, the absence of a y-transition between 
the 493 and 328 kev levels is inexplicable. If these assignments were correct, 
this transition should be Ml and a rather strong line should appear in the con- 
version spectrum; no such line was observed however. The absence of such a 
transition can be explained if we assign a spin of 5+ to the 328 kev level, inas- 
much as in this case the transition will be E2 and hence will have so low an in- 
tensity as to be unnoticeable in the conversion spectrum. 

Prycel2 interpreted the O and 40 kev levels as a doublet originating as a 
result of splitting of the si, g, configuration. This configuration is in agree- 
ment with the experimentally established spins of these levels. The 328, 473, 
493 and 619 kev levels are explained by splitting of the d:), g), configuration. 

The splitting yields a quadruplet with spins 3+, 4+, 5+ and 6+. Assignments of 
3+ and 6+ for the 493 and 619 kev levels are consistent with this configuration. 
At present we cannot determine which of the two remaining levels (328 and 473 
kev) has spin 4+ and which 5+. 


Faculty of Physics, 
"V.N.Obratsov'’ Leningrad Institute of Railroad Transport Engineers 
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B-SPECTRA OF THE SHORT-LIVED ISOTOPES A12® snp F17 
- S.S.Vasil'ev & L.Ia.Shavtvalov 


The present work was devoted to an investigation 
of the 8- and y-radiations of short-lived isotopes!-14 
by means of a magnetic lens B-spectrometer and a scin- 
tillation y-spectrometer. The isotopes were obtained 
by bombardment of the appropriate targets with 4 Mev 
deuterons, accelerated in the NIIaF MGU (Scientific 
Research Institute of Nuclear Physics at Moscow State 
University) and extracted into the B-spectrometer 5 
(Fig.1). The deuterons first passed through an open- 
ing in the beam catcher 4, coupled to an integrator 
recording the relative intensity of the beam 3. In- 
vestigation of the B-spectra of the target 7, located 
at one of the focal points of the B-spectrometer, was 
carried out with continuous irradiation of the target. 
With this arrangement one can work with isotopes hav- 
ing extremely short lives. This experimental arrange- 
ment proved to be feasible by virtue of location of 


Fig.l. Experimental ar- the B-spectrometer far outside the shield 2 and intro- 
rangement: 1) cyclotron, duction of additional shielding for reducing the B- 

2) shield, 3) deuteron counter background. 

beam, 4) beam catcher One of the short-lived isotopes investigated was 


(Faraday cylinder), 5) A128 obtained by the (d,p) reaction. In most previous 
B-spectrometer, 6) FEU-S investigations -21 the energy of the B- and y-radia- 
photomultiplier, 7) tions from Al28 was determined by the absorption meth- 
target. od. The B-spectrum of A128 obtained in our experi- 

ments is shown in Fig.2; the Fermi-Kurie plot is re- 
produced in Fig.3. The end-point energy of the B-spectrum is 2820 + 50 kev. It 
will be noted that our Fermi-Kurie plot is linear, in contrast to the plot given 
by Motz & Alburgerl6, These investigators obtained an appreciable deviation from 
a straight line beginning with 1700 kev. According to Olsen & O'Kelley!9, the 
B-spectrum of A128 has an allowed shape up to about 500 kev. In the range of 
lower energies, in the work of Olsen & O'Kelley, there was superimposed on the 
A128 spectrum the B-spectrum of Mg28 , inasmuch as the Al28 was obtained as a re- 
sult of decay of Mg28 , which has a half-life of 21.2 hours. 


: tNifen 
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Fig.2. B-spectrum of A178. Fig.3. Al28 Fermi-Kurie plot. 


The half-life, evaluated from our measurements of the intensity in the 1100 
kev region of the B-spectrum,was found to be 2.1 + 0.2 min. The half-life, deter- 
mined from the y-rays by means of the scintillation spectrometer, proved to be 
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2.2 + 0.1 min. The agreement of the period as determined from the B- and y-rays 
can be taken as an indication that the observed y-rays accompany the above men- 
tioned 6-decay of A128, 

It will be seen from Figs.2 & 3 that there may also be a low intensity B- 
spectrum with an end-point energy of ~6 Mev. Evaluation of the half-life cor- 
responding to this component, carried out on the B-spectrometer (at 3.2 Mev) 
yielded a value of 25 + 20 sec. The source of this B-spectrum has not been as- 
certained. 

F17 has been studied by a number of investigators. 22-25 We investigated 
the B-spectrum of F17 obtained by the (d,n) reaction on oxygen; the spectrum is 
shown in Fig.4; the Fermi-Kurie plot in Fig.5. The end-point energy is 1700 + 
+ 15 kev. There is a noticeable deviation from linearity below ~600 kev. Devi- 
ation from a straight line has also been observed by Wong. 22 

The half-life of F17 as measured by means of the B-spectrometer (at 800 kev) 
was found to be 71 + 5 sec. The measurements with the scintillation spectrometer 
failed to disclose any y-rays from the target after cessation of deuteron bom- 
bardment. 

We desire to thank B.M.Makuni and Z.1I.Tikhomirova for help in the work and 
the cyclotron crew, particularly G.V.Kosheliaev, A.A.Danilov and V.P.Khlapov, 
for their assistance. 


Scientific Research Institute of Nuclear Physics, 
Moscow State University 
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CONVERSION ELECTRON COINCIDENCES IN Tb195-»Gq155 pEcay 
- B.S.Dzhelepov, B,K.Preobrazhenskii & V.A. Sergienko 


We investigated coincidences between 
conversion electrons formed in the decay 
of Tb155 to cal55, The Tb155 was obtained 
by bombardment of a tantalum target with 
660 Mev protons for several hours. The 
terbium was separated chromatographically 
some 20-30 hours after irradiation. 

The coincidence measurements were 
carried out on the twin magnetic lens B- 
spectrometer! at Leningrad State University. 
The activity was deposited on thin lightly 
aluminized collodion films; the diameter 
of the sources did not exceed 5 mm. The 
measurements of e~-e”~ coincidences were 
started several days after separation of 
the fraction, when most of the short-lived 
part of the terbium fraction had disinte- 
grated and the Dy had transformed to Tb. 
At first we investigated coincidences be- 
tween conversion electrons forming in the 
decay of TbL55 separated from the Tb frac- 
tion and then the electron coincidences in 
the decay of Tb155 formed from Dy. 

Fig.l. Transition scheme for Gal55, Terbium155 (T ~ 5.6 days) was first 

separated by Ward et al? from the radio- 
active cascade Hol55-ECspy155_EC 7,155 which occurs in proton bombardment of 
Dy155, The disintegration of Tb155 occurs through capture of K and L electrons 
and leads to the formation of Gd155, 
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Fig.2. Spectrum of terbium fraction conversion lines having a period 
of ~5 days recorded in one-half the twin spectrometer. 
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The transition scheme for Gal55, constructed on the basis of investigations 
of the Tb155-+Ga155 and Eul55-+Ga155 decays5, is shown in Fig.l. As illustrated, 
the scheme does not include the following transitions observed in the decay of 
Tb155; 31.6, 63, 148.8, 163.4, 181.6, 221.2, 239.7 and 350.8 kev.2,4 In addition. 
in the decay of Tb accumulated from Dyl155 there was observed a 57 kev transition, 
and in a terbium fraction4 (from proton bombarded Ta) there were observed transi- 
tions having energies of 89 and 199 kev. Although these transitions are charac- 
terized by a period of about 5 days, they apparently pertain to other Tb isotopes. 
A distinctive feature of the decay scheme is the large number of very close doub- 
lets and even triplets; they obviously hamper interpretation of the decay scheme. 

The spectrum of the ~5 day conversion electrons from the terbium fraction, 
recorded in one-half the twin spectrometer is shown in Fig.2. There are clearly 
evident conversion lines associated with 7-transitions of 87, 149, 161, 180 and 
262 kev energy and a group of lines that may be attributed to transitions having 
energies of 57-63 kev and 101-105 kev. No lines due to y-transitions of other 
energies were observed in the conversion electron spectrum of the mixture of Tb 
isotopes obtained from the dysprosium fraction. 

The coincidences between the conversion electrons from Tb155 were investi- 
gated in the following manner: one half the spectrometer was adjusted to detect 
the K or L electrons from a given y-transition, while the other half was adjusted 
to record the K or L line of another transition. Inasmuch as the Tb155 was de- 
posited on a very thin film, the energy loss and electron scattering in it had 
virtually no effect on the shape of the spectrum and the counting rates at the 
line peaks by the spectrometer on the backing side. The electron energy inter- 
vals encompassed by the spectrometer are indicated by the hatched columns in 
Fig.2; it will be seen that in the hard part of the spectrum the interval was 
equal approximately to the half-width of the conversion lines. The number of 
true coincidences at the line peaks differed, varying from 24 to 228 pulses per 
hour at counting rates in the individual channels from 13-103 to 77°103 counts 
per minute; the ratio Ntrue/Ncha, where Ntrue is the number of true and Nop, is 
the number of chance coincidences, varied from 1.3 to 25. 

We detected coincidences for seven different line combinations. The results 
of the coincidence experiments are summarized in the accompanying table and are 
shown in Figs.3 & 4. 


Results of measurements of coincidences between 
conversion electrons in Tb155-»Gq155 decay 


Line detected | Counting rate p Counting! No, of coincidences 
by first at peak, 4. | ‘line detected jrate at per hour 
spectrometer NaNy gg? 107 by second 


(thru backing) spectrometer 


counts/min 


cntsmin 
L-63 77 13.0 
K-(160-++161+163) 30 L-63 : 
K-149 18.5 K-(160-+ 1614-163) : 
K-(180-+181) 36 L-87 34.5 
M-87 
K-149 


K-(160-+-161 +163) 
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Analysis of the Coincidence Data 


1. Coincidences between L-63 and K-262 electrons 
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Fig.3. Curves 1,2 & 3 are, respectively, the 
L-63, K-(160+161+163) and K-262 conversion lines 
recorded in one half the twin spectrometer. 


Curves 4,5 & 6 are, respectively, the coincidence 


spectra of [K-(160+161+163)] —(LO63) , (K-149) — 


—[K-(160+161+163)] and (L-63)—(K-262) electrons. 


The electrons of the lines listed first in each 
case passed through the source backing. The in- 
tensity of all the lines has been corrected for 
decay (~5 days). 
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The experimental coinci- 
dence curve is shown in Fig. 
3 (curve 6). The line we 
have designated as L-63 prob- 
ably actually consists of 
L-60.00, K-101 and K-105. 32; 
possibly it also includes the 
L electrons from the 57 and 
63 kev transitions observed 
in the work of Ref.3, but not 
detected in the investigations 
of Refs.2,4 & 5. According 
to the scheme of Fig.1 no 
(K-262—(K-101) and (K-262) — 
—(K-105.32) coincidences 
should be observed, but 
(K-262) —(L-60) coincidences, 
although weakened by branch- 
ing at the 86.54 kev level, 
should be observed. 

In our experiments the 
total number of (L-63)— 
—(K-262) coincidences 
amounted to 123 per hour: 
of these 22 were chance and 
101 were true coincidences. 


Thus the fact that there are coincidences between 
the L-63 and K-262 electrons cannot be doubted. 
In our opinion these coincidences are associated 
primarily with the existence of a 60 and 262 kev 
y-transition cascade in the Gdl55 nucleus. 


2. Coincidences between L-63 and 
K-(160+1614+163) electrons 


That there are coincidences between these 
electrons cannot be doubted. This is evident 
from the table and the experimental coincidence 
curve 4 shown in Fig.3. The possible combina- 
tions that might be comprised in these coinci- 
dences are the following: (L-60.00) —(K-160. 4), 


¥2 Ay (L-60.00) —(K-161.5) , (K-101) —(K-161.5) , 
‘ \ (K-105. 32) —(K-161.5) and (K-105. 32) —(K-160. 4) 
\ i pod (Fig.1). 
x mgt le Mot The existence of such cascades is also sub- 
ee eC. J200 Wp, fees stantiated by the complex character of the coin- 


Fig.4. Coincidence spectrum of cidence spectrum of K electrons from the 160+ 


the K-180 line electrons with 


the electrons of the L-87, K-149 and K-(160+162) lines: 1) section of conversion 
electron spectrum recorded in one half the twin spectrometer; 2) coincidence 


spectrun. 
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+161+163 kev transitions with the electrons of the given line. 
3. Coincidences between K-149 and K-(160+161+163) electrons (curve 5,Fig. 3) 


The reported 148.8 and 163.4 kev transitions have not yet been fitted into 
the decay scheme for Tbl55—Gq155, The (K-149) —[K-(160+161+163)] coincidences 
may be associated with a 148.4 and 163.4 kev y-transition cascade. Knowledge of 
the existence of these coincidences should be of help in fitting these transi- 
tions into the decay scheme. 


4. Coincidences between K-(180+181.4) electrons and 
(L + M)-87, K-149 and K-(160+1614+163) electrons. 


The experimental coincidence curve is shown in Fig.4. The existence of 
[K-(180+181.4)] — ((L + M)-87] and [K-(180+181. 4)] — [K-(160+161+163)] coincidences 
cannot be questioned; the existence of the (K- (1804181. 4)] —(K-149) coincidences, 
however, can only be tentatively assumed. 

According to the decay scheme pictured in Fig.1, there should be observed 
(K-180) —(L-87) and (K-180)—(K-160.4) coincidences. We infer that the observed 
[K- (180+181.4)] —(L-87) and [K-(180+181.4)] —[K-(160+161+163)] coincidences are 
connected with the existence of 180 & 87 kev and 180 & 160 kev y-transition cas- 
cades. The small number of [K-(180+181.4)] —(K-149) coincidences may be attri- 
buted to coincidences between the 181.4 and 149 kev transitions that have not 
been fitted into the decay scheme shown in Fig.l. 

We have indicated the inferred y-transition cascades in the decay of Tb155 
to Gal55 by heavy double lines in Fig.l. 

Comparison of the coincidence counting rates for different combinations may 
serve as a valuable criterion in checking the decay scheme. ® However, for Tb155 
we do not as yet have an intensity-balanced decay scheme. 


Scientific Research Physical Institute, 
Leningrad State University 
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COINCIDENCES BETWEEN CONVERSION ELECTRONS IN THE DECAY OF Lu73, 
REFINEMENT OF THE Lut73-—syb173 pEcay SCHEME 
- B.S.Dzhelepov, B.K.Preobrazhenskii & V.A.Sergienko 


Introduction 


We used the Leningrad State University twin magnetic lens spectrometer to 
investigate coincidences between some of the conversion transitions in ypbl73, 
forming in the decay of ~170 day Lul73, The data obtained proved useful in re- 
vising the decay scheme for Lul73~ypl73, 

The available data on this decay has been summarized in Refs.2 & 3. 

Recently Gorodinskii et al* established a fact that is important for identi- 
fication of this lutetium isotope; they found that the y-spectrum of 170-day Lu 
from the lutetium fraction (separated from proton-bombarded Ta) is identical with 
the spectrum of 170-day Lu forming from Hf. Inasmuch as Hf174 is stable, the 
identity of the spectra eliminates the possibility that the lutetium fraction 
activity may belong to Lul74 and proves that the observed lines must be attribu- 


ted to Lul73, 


1. Experimental data 


We received the Lul73 source approximately one year after chromatographic 
separation of the lutetium fraction from a tantalum target irradiated with 660 
Mev protons; by this time activity of the short-lived Lu isotopes had died out 
completely. 

The Lul73 was deposited on a narrow strip of 5y thick aluminum foil. 
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Fig.l. Conversion electron spectrum of Lul73 recorded on one half the twin spec- 
trometer. 
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Bobrov et al” detected 20 lines in the conversion spectrum of 170-day Lu. 
They definitely established the existence of transitions with energies of 78.7, — 
100.7, 179.5 and 272.5 kev. Further, they tentatively inferred the existence 
of a 171.7 kev transition (line "c'' in Table 2 of Ref.2) for which they detected 
only the K line. 

In our spectrometers, which have an inferior resolution, some details of 
the conversion spectra are not evinced, but its general appearance agrees with 
that given in Ref.2 as regards both the location of the lines and their relative 
intensities (except for the K-78.7 and K-LM lines which appeared relatively weak- 
er in our experiment). The conversion electron spectrum recorded by means of the 
lens facing the activity side of the source (i.e., not the backing) is shown in 
Fig.l. 

Inasmuch as the active material was applied to a relatively thick backing, 
the low energy conversion electrons were strongly scattered and absorbed in the 
backing. As a rule the spectrometer viewing the backing side of the source was 
set to detect the faster electrons in each cascade. In determining the existence 
of a cascade, scattering in the foil per se is unimportant; one must simply com- 
pare only data pertaining to detection “through the backing” of one and the same 
line (values grouped by the braces in Table 1). 


Table 1 
Coincidences between conversion electrons emitted in Lul73—ybl73 decay 


Line detected Counting ‘Coincidences 
by first spec— N Line detected {rate at | per hour 
trometer (thru peak, ie aby oe peak, te tae 
the foil) Nuega a? spectrometer Noxga’ 10 Total} Chan,’ True 
counts/min aires.) | 

K-100,7+K—LL « 26 283 SUZi5 

K—LM 8 47 5 42 

L-78,7 16 RaveeT 205 29 ae ys 

L-78,7 PS 13 6 7 

K-78 ,7 29,5 47, Pe 15 

L-78,7 Zio 14 3 14 

K-272,5 os! K-100,7+ K—LL 26 ANS 2 13 

K—LM 8 10 4 9 

L-100,7 5 1 1 0 

K-78,7 29,5 9 4 8 

K-171,4 0,75 | K-100,7+-K—LL 26 58 | 57 

K—LM 8 6 0 6 

F 6,5 39 1 | 38 

besoin i See! SA 13 | K-100,7+K—LL | 26 2 | ato 36 

a 7,9 28 4 27 

K—LM +,0 | K-100,7+K—LL | 25 2 | 4 | 49 


Note: Line a, according to Bobrov et al”, has an electron energy of 34.17+0.2 kev. 


Scattering in the backing actually plays a certain positive role; it must 
smooth out the angular anisotropy of ejection of cascade conversion electrons; 
the same may be said of the influence of the geometry of defining the electrons 
by two lenses (our spectrometers have different angles between the directions 
of emergence (154° and 180°). 

The results of our measurements are given in Table 1 and Figs.2,3 & 4. 

Let us analyze the results listed in Table l. 

1. There can be no doubt regarding the existence of (78.7)—-(100.7) coinci- 
dences. The experimental curve characterizing the coincidence of L-78.7 elec- 
trons with K-100 + K-LL and K-LM electrons is shown in Fig.2. 
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Fig.2. Coincidences between the (L-78.7)—(K-100.7 + K-LL) and (L-78.7) —(K-LM) 
electrons. Upper curves - appearance of the K-100.7 + K-LL and K-LM lines as 
recorded by a single (half twin) spectrometer. 
Fig.3. Coincidences between conversion electrons: a - (K-272.5)—(K- 
-78.7), b - (K-272.5)—(K-100.7 + K-LL), c - (K-272.5)—(K-LM). Solid 
line in a - the K-272.5 line as recorded by one spectrometer. 


N., coinc/hr. In order to prove the 

100 existence of (L-78.7)—(K- 
-100.7) coincidence we must 
know the composition of the K- 
-100.7 + K-LL line. This 
question is examined in detail 
in Section 4, where we show 
that the K-LL electrons amount 
to twice the intensity of the 


0 — K-LM group and that the K-100.7 
eld oe A Vk fraction amounts to 1/3 the 
Fig.4. Coincidences between electrons: intensity of the (K-100.7 + K- 
(K-100.7 + K-LL) —(L-100.7) and (K-100.7 + -LL) line. 
+ K-LL) — (K-171.4). The K-LL and K-LM Auger 


electrons must participate in 
equal portions in all the coincidences, hence of the 275 coincidences per hour, 
the K-LL electron fraction accounts for 84 and the K-100.7 fraction accounts 
for 191 coincidences per hour. 
Thus the existence of (K-78.7)—(K-100.7) coincidences cannot be questioned; 
the quantitative aspects of the matter will be examined below. 
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2. The small number of (L-78.7)—(K-78.7) and (L-78.7)—(L-78.7) coincidences 
indicates the degree of admixture of K-100.7 + K-LL in the K-78.7 line and of 
K-MM electrons in the L-78.7 line. 

3. It will be evident that (K-272.5)—(K-78.7) coincidences also exist. 

The 272.5 kev transition is in cascade with the 78.7 kev transition. This 
is clearly evident from the data of Table 1 and Fig.3 (curve a). 

The fact that these coincidences are present indicates that the decay scheme 
for Lut73 given in Refs.2 & 3 is in need of revision: in this scheme the 272.5 
kev transition is plotted as terminating at the ground level of Yb173, inasmuch 
as in the initial experiments of Gorodinskii & Pokrovskii no coincidences were 
detected between the 272.5 kev y-rays and any other y-rays. More recently, how- 
ever, the existence of (y-272.5)—(y-78.7) coincidences was reported by the same 
authors®. 

4. There obviously occur (K-272.5)—(K-LM) coincidences (curve c in Fig.3). 

5. Apparently there are no (K-272.5)—(K-100.7) or (K-272.5)—(L-100.7) co- 
incidences. 

Table 1 and Fig.3 (curve b) clearly indicate coincidences involving the K- 
-272.5 and K-100.7 + K-LL lines. In order to determine with what electrons the 
K-272.5 electrons are in coincidence, we must take into account the composition 
of the K-100.7 + K-LL line. 

Assuming, as was done above, that there must be twice as many (K-272.5)— 
—(K-LL) coincidences as (K-272.5)—(K-LM) coincidences, we find that there 
should be 18 such coincidences per hour. In the experiment we observed only 13 
coincidences per hour! Thus there is no remainder left for the K-100.7 line, 
although this line is comparatively strong. 

It is also evident from Table 1 that there are no (K-272.5)—(L-100.7) co- 
incidences. We infer therefore that the 272.5 and 100.7 kev y-transitions are 
not in cascade. 

6. Apparently (K-171.4)—(K-78.7) coincidences exist, but in a very small 
amount. In contrast, there are five times more (K-171.4)—(K-100.7 + K-LL) co- 
incidences (Fig.4), although the K-100.7 + K-LL line has about the same intensity 
as the K-78.7 line. 

The admixture of Auger electrons in the K-100.7 line leads to the appearance 
of a small number of (K-100.7 + K-LL)—(L-100.7) coincidences. 


2. Revised decay scheme for Lul73 


In view of the fact that the K-272.5 electrons yield coincidences with the 
K-78.7 and L-78.7 electrons but no coincidences with the K-100.7 and L-100.7 
electrons, we can make certain modifications in the Lul73 decay scheme shown 
in Ref.2. 

The new decay scheme we propose for Lut73 is shown in Fig.5. In it the 
272.5 kev transition goes to the E, = 78.7 kev level. Thus we introduce a new 
level E3 = 272.5 + 78.7 = 351.2 kev. 

It is interesting to note that the difference E3 - Ep = 351.2 - 179.5 = 171.7 
kev is almost exactly equal to the transition energy that we get if we take the 
"c' line found by Bobrov et al? and shown in our Fig.1 as the K line of a 7- 
transition, i.e., a transition of 171.4 kev energy. 

Gorodinskii et al? report that in a repeat investigation of the Lul73 y- 
spectrum on a scintillation spectrometer they detected a weak line in the 350 
kev region. Apparently this is a cross-over transition from the 351.2 kev level 
to the ground level of yb!73, 

These two facts strongly support the decay scheme shown in Fig.5. 
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The 351.2 kev level is not comprised 
in the ground state rotational band, but 
is, apparently, a single particle level 
(vibrational levels in this region lie 
higher). 


3. Characteristics of the 
excited states of Yb173 


The ground state of Yb173 and its 
first two excited states (E, = 78.7 and 
Eg = 179.5 kev) form a rotational band 
and have the spins and parities 5/2-, 
7/2- and 9/2-. The spin assignments 
follow directly from the data of Ref.2; 
the parities from the level sequence of 
Nilsson. 

Now we must determine the character- 
istics of the third level lying at the 
351.2 kev. 

Fig.5. New decay scheme for Lul37, It was shown in Ref.2 that the 272.5 
kev transition is El. Inasmuch as it 

has been established that this transition goes to a 7/2- level, the assignment 

for the 251.3 kev level must be 5/2+, 7/2+ or 9/2+. To choose between these 

possibilities one can utilize a) the fact that there exists a cross-over transi- 

tion to the ground level and b) the ratio of intensities of the K-272.5 and K- 

-171.4 kev conversion lines. 

Inasmuch as the yb!?73 351.2 kev level is apparently a single particle one, 
for comparing the intensities we can have recourse to the Weisskopf-Moszkowski 
formulas for the probability of single particle transitions.5 Table 2 clearly 
shows that the 5/2+ assignment is definitely excluded by the K-171.4/K-272.5 
ratio and the 9/2+ assignment by the Iy-351.2/1y_272.5 ratio; therefore only 
the 7/2+ assignment remains. This deduction remains in force even if we assume 
the possibility of a three orders of magnitude deviation from theory. 


Table 2 
Determination of the assignment for the 351.2 kev level of yp!79 
(the theoretical values are calculated on the basis of the single particle model) 


Assignments 
Indicative Experimen— 
characteristics |tal value dj2t Tat gat 
Multipole orders FA/E4 FA/E1 | (E34+-M2)/E4 
I 
wees 0,06 2,0 2,0 2.40-11-+-2-10-7 
1,979.5 
Multipole orders (E34+-M2)/E1 FA/E4 FA/EA 
K-171 ,4 % q : ae 
aa SS, a oe —]2_ —6 5 
K.272,5 0,84 5-410 10 0,0 5 0,075 
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4, Revision of the relative transition probabilities in the decay of Lul73 


The relative probabilities of some transitions have already been determined 
in the work of Bobrov et al.2 Now, however, on the basis of Refs.3 & 4 we can 
introduce certain refinements. The additional and revised values are listed in 
Table 3. 

Table 3 To convert to percent 
Relative intensities of different transitions in the of disintegrations, all 
decay of Lul73 (the intensity of the 78.7 kev y-rays the figures in Table 3 
is taken as 1.00 and this transition is assumed to be must be multiplied by 


M1) ToD (LOOM RES Te 37. Oe 
Relative “intensities the converted percentages 
some dea Electrons are shown in Fig.5. 
eee transition Table 3 was compiled 
a ao ed K b M Saat: in the following manner. 
\ 1. The intensity of 
the 78.7 kev y-rays was 
78,7 1,00 5,8 1,1 0,3 8,2 eda tcdtact ae 
100,7 0,51 0,38 bo 0) ,04 slat aken as ate e The rela~ 
171,4 0,32 0,028 -- — er tive intensities of the 
179,5 0,10 (0,028 0,014 —_ if a 
9795 187 0033 0.033 a 1°94 other 4 rays were taken 
351 ,2 0,14 0,013 = es 0,12 according to the indica- 
K—LL , — ae \ aie tions of Ref.3. The rela- 
ight ot & ibs 0,05 | “a tive intensity of the 


171.4 + 179.5 kev doublet 


a poe er cP wae spa a —— units We lhe sig was divided between the 

fe) capture is . at of L capture is 1.6 anc e 

total number of captures is le2.’7. conpCneaan ras that there 
would obtain for the 


179.5 kev transition 
a conversion coefficient corresponding to a pure E2 transition. 

2. It was assumed that the 78.7 kev transition is pure Ml. Hence for the 
K-78.7 probability, we assumed the value following from the conversion - 5.8 in 
the units of Table 3. 

Actually the 78.7 kev transition may be a mixture of Ml + E2 rather than 
pure Ml. It was shown in Ref.2 that the admixture of E2 cannot exceed 10%. Such 
an admixture would reduce Qy to 5.2, i.e., would reduce all the numbers of elec- 
trons in Table 3 by 10%, which would have virtually no effect on all our deduc- 
tions. 

3. The relative intensity values for all the other conversion lines have 
been taken directly from the experimental data of Bobrov et al2, 

4. The relative intensity of the K-LM Auger line merits particular atten- 
tion inasmuch as it was used for evaluating the relative intensity of the K-100.7 
line. 

In the work of Ref.2 the K-LM line was observed to be very wide and as a 
result its intensity came out so high that the integral intensity of the K-100.7 ; 
+ K-LL combination had no "reserve" (after subtraction of K-100.7) for the K-LL 
line, which should be twice as strong as the K-LM line. Hence the intensity ratic 


K-100.7 + K-LL) = 1.37 


K-LM 


is either incorrect or is connected with some extraneous line augmenting the K-LM 
line. In our measurements this ratio was found to be approximately 3, but the 
accuracy is relatively low in view of the poor resolution of the lines. Never- 
theless below we shall use this ratio. 

5. To determine the intensity of the K-100.7 line, we must first determine 
the magnitude of the ratio (K-LL)/(K-LM). 
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Table 4 The K-LL and K-LX 
Data of different investigators on the ratio (here X = M, N, etc.) 
K - LX Auger electrons originate 


in competing processes 
that do not depend on how 
the vacancies in the K 


ols 
K - LL 


Z p | Ref. Zz | ° Ref. shell are formed. The 
intensity ratio 9 = 
26 0,20-40,01 (6] 49 0,4240,10 [3] = (K-LX)/(K-LL) should 
29 0,3 +0,02 i. 49 0,417 (3 be a function of Z only. 
43 0 ,48-+-0,06 {8] 57—5d8 Ors2 Bs 
47 0,493 (9] 84 0°52 14] The scanty experi 
47 0,73 [10] 84 0,64 [15] mental data available at 
47 0,71 [14] present are listed in 


Table 4. 
There are no data in 
Table 4 for Z = 70, but 
in view of the weak dependence of 9 on Z, we can take the average of the values 
of Z = 49 and Z = 84 and assume that op = 0.5 + 0.1 for Z = 70. 

Thus we take (K-LL)/(K-LM) = 2 and, consequently, get K-100.7 = (K-100.72 + 
+ K-LL)/3 = 0.38 in the units of Table 3 (Iy_7g,7 = 1.00). 

6. Analysis of the data pertaining to the 100.7 kev transition shows certain 
inconsistencies. It is difficult to see how one can reconcile the following 
four facts: 

a) the value of the L shell conversion coefficient given by the experimental 
data (Table 3), namely, OQ), = 0.17/0.51 = 0.33 lies outside the range of Q4, values 
for E2 and Ml transitions (1.09 and 0.47, respectively) ; 

b) the K shell conversion coefficient following from the data of Table 3, 

Ox = 0.38/0.51 = 0.75, lies outside the range of Q, values for E2 and Ml transi- 
tions (1.0 and 2.88, respectively) ; 

c) at the same time the conversion ratio K/L = 0.38/0.17 = 2.23 lies be- 
tween the values for E2 and Ml (0.91 and 6.1, respectively) and indicates a 50% 
E2 + 50% Ml mixture; 

d) the composition of the mixture can be determined independently by means 
of the formulas for the relative probability of competing transitions between 
retational levels with I, = 5/2 (see, for example, Ref.16): 


E2 d 


El 5.88 - )’ 
where ), is the intensity ratio of the Eg—»Eg and Ep--E, y-transitions. Substi- 
tuting \ = 0.1/0.52 = 0.2, we obtain the composition 4% E2 + 96% Ml. 

The conflicting data on Qy, Oy, and K/L can be reconciled in two cases: 

a) if we assume that the relative intensity of the 100.7 y-rays is 2.3 times 
lower than indicated by the experiments of Gorodinskii et al3, or 

b) if we assume that the relative intensities of the K-100.7 and L-100.7 
lines are 2.3 times greater than indicated in the table. 

Yet it is difficult to envisage the source of so great an error. The K-78.7 
line, the softest line in the conversion spectrum, could have been weakened due 
to absorption in the counter window, but this would lead to a reduction rather 
than an increase of all the electron intensities listed in Table 3. The pres- 
ence of some hitherto unsuspected electron line in the region of the K-LM Auger 
line would lead us to the necessity of reducing the relative intensities attri- 
buted to the Auger electrons and consequently would increase the intensity of 
the K-100.7 line; the intensity of the L-100.7 line, however, would remain un- 
changed, i.e., contradiction (a) above would remain. 


ll 
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The 78.7 kev transition, which we assumed to be pure Ml, is actually proba- 
bly a mixture of Ml + E2, but the possible admixture of E2 is, first, small, and 
second, acts in the opposite direction, i.e., aggravates the discrepancy. 

In both cases, the values of Qx, Oy, and K/L would lead to an approximately 
equal proportion of E2 and Ml in the composition of the 100.7 kev transition. | 
But the composition following from the theoretical formula still remains entirely 
different: either 4% E2 + 96% Ml if we modify the intensity of the conversion 
lines or 10% E2 + 90% Ml if we modify the intensity of the y-rays. We note that 
in all other odd rare earth nuclei with a rotational structure, except Hf177, 
the fraction of Ml varies from 72 to 99%.16 

7. The situation as regards the 171.4 kev transition is satisfactory. Ac- 
cording to the decay scheme (Fig.5) this is a transition between 7/2+ and 9/2- 
levels, i.e., an El transition. The conversion coefficient OQ, for such a transi- 
tion should be 0.079; experiment gives 0.088. The L shell conversion coefficient 
should be 1.18°1072; consequently, the L-171.4 kev line should have an intensity 
of 0.0038 in the units of Table 3, i.e., be four times weaker than the neighbor- 
ing L-179.5 line. Lines with an intensity less than 0.01 were not detected in 
the experiments of Ref.2. 

8. For the 179.5 kev transition the y-ray intensity was selected so that 
Qk would be equal to the theoretical value for E2. The ratio K/L = 2.0 differs 
little from the theoretical value for E2, namely, K/L = 1.7. 

9. The intensity of the K-MX Auger line was taken equal to 12% of the in- 
tensity of the K-LM line (average value for the data cited in Ref.8). 

10. The intensity of the K x-rays was calculated from the total intensity 
of the K series Auger electrons on the assumption that the K fluorescence yield 
for Z = 70 is 93% (this is based on the summary of the experimental data given 
in Ref.8). 

ll. The total intensity of the K series transitions, which is equal to 17.4 
(in the units in which I,_7g,7 = 1.00), is connected both with K capture and 
with filling of the K shell after conversion on it. Inasmuch as the sum of the 
relative intensities of the K lines for all transitions is 6.3, the intensity 
for K capture is 11.1 units (Table 3). 

12. The ratio of capture probabilities for electrons from the L and K shells 
for allowed transitions is 


lve (eB, 
| VK ? (eS Ex) . 


where |),;|? and |$«|* are the squares of the moduli of the L and K electron wave 
functions, € is the disintegration energy and Ey and E,; are the electron binding 
energies in the K shell and the Lj subshell, respectively. If the nuclear mass 
difference before and after capture of an electron is large as compared with Ex 
and Eyj,, the second factor is approximately equal to unity and the ratio of K to 
L capture probabilities is determined by the first factor which depends wholly 
on the structure of the atom. This factor calculated by Rose & Jackson!7 and 
for Z = 70 equals 0.135. 

Gorodinskii et al4* report that they detected weak lines having energies of 
570 + 15 and 630 + 15 kev (with intensities of 0.08 and 0.14 relative to I -~272.5) 
in the y-spectrum of Lul73, If this is true, the Lul73-ypl73 mass difference is 
> 630 kev. 

If the disintegration energy is very high, then L/K = 0.135; at an energy 
of 700 kev, L/K for decay to different levels varies from 1.60 to 1.87. In ad- 
dition, the ratio L/K may depend on the degree of forbiddenness. We assume 
L/K = 0.15; we note that a variation of 10-20% in the value of L/K should have 
virtually no effect on our further deductions. The L capture probability in the 
units of Table 3 then proves to be 1.6. 


- 797 - : 


13. The total number of disintegrations in the units of Table 3 comes out 
to be 12.7 and consequently this unit itself equals 7.9% disintegrations. 

14. Conversion from the relative units of Table 3 to absolute units is 
generally realized through the Auger electrons. There is a considerable uncer- 
tainty, however, in the measurements of their relative intensity and their yield 
(~7%) is not accurately known. Hence the decay percentages for each branch in- 
dicated in the decay scheme of Fig.5 comprise an uncertainty of the order of 30%. 

Table 3 shows that there should be many x-rays in the decay of Lul73 - 16 
times more than 78.7 kev y-rays. Direct comparison of the intensities of these 


two lines is very important for verification of Table 3 and our further deduc- 
tions. 


5. Relative intensities of capture to different levels of Yb!73 


Using the intensities listed in Table 3, we can determine the fraction of 
capture events to each level of Yb173, This has been donein Table 5. The fig- 
ures for the percent capture to each level must be regarded with circumspection, 
however, inasmuch as they depend on the Auger effect yield. 


Table 5 
Balance of intensities for different Yb173 levels formed in the decay of Lut 73 
Level ie 
energy Dep arting Arriving 
kev eee 


| 
351,2 |Transition171,4 kev — 2,8% 


» 2D’ y= 10,0% 
“ 
» 351,2 » — 1,0% entire — 19,1% 
Total: 19,1% 
179,5 Transition 100,7 kev— 8,7% Transition 171,4 kev — 2,8% 
» 179,5 » — 1,1% Capture — 7,0% 
Total: 9,8% Total: 9,8% 
iti 7 — 64,5% Transition 100,6 kev — 8,7% 
78,7 |Transition78,7 kev 64,5% an * ie yy = 45°30 
Capture —40,5% 
Total: 64,5% 


0 TT Transition 78,7 kev — 64,5% 
» 179,5 » — 1,1% 

» 351,2 » —1,0% 
Capture — 33,4% 


Total:  100,0% 


In comparing the relative probabilities of formation of different excited 
states of Yb173 in the decay of Lul73, we cannot but note the high probability 
for formation of the highly excited 351.2 kev state (7/2+) of Yb. Thigcen 
readily be explained: according to Nilssonl® the ground state of 70LU}093 is 
determined by the 103rd neutron and is characterized by 7/2+. 

Recently Ward et all9, who investigated the Hf173—Lul73 decay process, 
came to the same conclusion, namely, that the spin of the Lul73 ground state 
is 7/2. 

Thus the spin assignments for the ground state of Lu!73 and the 351.2 kev 
level of yb!73 agree; consequently, the transition between them must be allowed. 
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Transitions to all the other lower-lying levels of ybl73 are parity-forbidden. 
It is interesting to note that among these transitions, the one having the high- © 
est probability is the transition to the level with 7/2-. : 
If capture to the 351.2 kev level of Yb173 is allowed, the ft value for this 
transition should be ~105. The partial time, however, is very large, namely, 170 
days*(100/n), where ” is the percent decays to this level; this percentage must — 
be close to 10-20% inasmuch as this is the total intensity of the 272.5 and 171.4 
kev transitions. Consequently, t f (7-15) -107 whence f ~ 1073, 
In the case of K capture, so small an fx 
Table 6 value means that the disintegration energy is 
t Values for decay of Lul73 very close to the K shell binding energy (ener- 
to different levels of ybl73 getically "almost forbidden" K capture), i.e., 
about 60 kev. This is inconsistent with the 
eae existence of hard y-rays of 570 and 630 kev 
or K—cap — 
ture to the| Assumed Lu173-Yb173 energy. 
indicated | mass’ difference If the data of Gorodinskii et al4 re- 
= 1000 kev 12000 kev garding the existence of these hard y-rays 
: and, consequently, the large Lul73 - ypl73 
mass difference should be substantiated, 


ft values 


3,6-108 - 10° 


‘ ‘ 9) 
oar bE Saath: 2 pags then fx will prove to be large. We will then 
78.7 3,6-108 1,7-109 have the question of why there is such a 
0 5,4-108 BAG large value of ft for an allowed T/ 2+-—>7/ 2+ 
transition. 


The values of ft for transitions to other 
levels of Yb!73 also depend on the Lul73 ~ ypl173 mass difference. The ft values 
calculated for mass differences of 1000 and 2000 kev are listed in Table 6. 


6. Quantitative analysis of e7-e~ coincidences in Lul73 decay 


For quantitative comparison of the coincidence counting rates with one and 
the same current in the magnetic lens of the spectrometer viewing the backing 
side of the source and different currents in the other spectrometer, one must 
have an adequately developed decay scheme; that is, the decay scheme must in- 
clude the probabilities for all possible modes of transformation of the initial 
nucleus to the final one. By way of illustration let us consider the simple 
scheme shown in Fig.6. All the transitions 7], ¥5 and 73 are in cascade and 
yield y-y coincidences. But in the illustrated scheme yg always follows 7, (if 
we neglect conversion) , while 73 sometimes follows 7] and sometimes occurs di- 
rectly after a capture event Kg. Hence for quantitative comparison of the 
Y¥1-7%2, Y1-7%3 and 72-73 coincidence rates we must know the ratio Kj:Ky and the 
conversion coefficients for all the transitions. Analogous considerations ob- 
viously apply to coincidence between the conversion electrons. 

In the absence of continuous electron and positron spectra, the number of 
"effective’ coincidences per disintegration caused by «li» electrons (type i 
electrons from the «1» transition) and «nj» electrons (type 7 electrons from 
the «n) transition) is given by 


yi 
nj 


+ , 
es (@2iP 1%) Bnj (@22njPnttnj) &- (1) 


Here Nr; is the observed number of coincidences per unit time, N is the 
number of disintegrations per unit time, w, and , are the solid angles of the 
first and second spectrometers, «¢; and «,; are the efficiencies of the first and 
second spectrometer counters for detecting the given conversion electrons, « is 
the efficiency in recording coincidences, P, and P, are the probabilities of the 


- ‘799 <- 


«1» and «nm transitions expressed in fractions of the 
total number of decays, On and nj are the probabilities 
of formation of a conversion electron of the given type 
(zi orj) referred to one «1» or «ny type transition, 

for example, 


f Te 


6 Me FAT ingens. i 
4 ttap+tap+tayt... 


where ax, a... are the conversion coefficients, P,«,; 

is the number of conversion electrons of type nj per 

disintegration, (0,%j;P\%i) and  (@2%;Pna,;) are the count- 

ing rates (per one decay/sec) in the right and left 

spectrometers adjusted to detect the 1i and nj conver- 
Fig.6. sion lines and 41. is the ratio of the number of type 

«nm» transitions in cascade with the «1» type transitions 

to the total number of «mn transitions. This quantity is always less than unity 

and approaches this limit only when the transition probabilities become equal; 

if the transitions are not in cascade, 8 equals zero. 

Measuring the conversion electron spectra on single spectrometers, we readi- 
ly find 0124 P1%hi and M2enjPn&nj, but we can draw no deductions regarding the un- 
expected coincidence rate as long as we do not know oi. 

Eq.(1) can be rewritten as 


li 
“be 


li 
N = G12 ;iMoEnjTnj°&, 


where zhi = P,a,;54;Pnx,; is the probability (per decay) of simultaneous appearance 
of 1i and nj electrons. 

As was noted above, it is meaningful to compare coincidence rates only for 
pairs when one of the spectrometers is always adjusted to detect one and the 
same line and the other is shifted in sequence to the peaks of the other lines. 
In this case the w,-<¢,j;-w, will cancel out in the coincidence counting rate ra- 
tios and only the EnjTnj will remain. Beginning with an electron energy of 40 
kev, ‘nj and ¢ are virtually independent of the energy and hence their variation 
can be disregarded, but the values of Tri must be taken from the decay scheme. 

Fig.7 shows the decay scheme for Lu!73 in which we have plotted the various 
decay branches and indicated the relative probabilities thereof; we have also 
indicated the relative intensities of the K-LM Auger electrons. The intensities 
of the K-LL electrons are two times higher, while those of the K-MX electrons 
are 8 times lower. In elaborating the scheme, it was assumed that the Lul?3 - 

- ybl73 mass difference is about 700 kev (L/K ~*~ 0.15). We used the data of Fig. 
7 to calculate ah and the corresponding coincidence rates; these are juxtaposed 
in Table 7 with the experimental rates. 

Examining the data of Table 7 we note the following: 

1. The experimental data differ from the calculated coincidence values by 
a factor of 7-9 when the K-78.7 line is involved in the measurements. The ap- 
preciable divergence between the experimental and calculated data in this case 
may be connected with the fact that the K-78.7 line, being the softest line in 
the conversion spectrum, is "underdetected" in recording coincidences (E€ low). 

2. In all coincidences not involving the K-78.7 line, the experimental and 
calculated data agree within +25%. : 

V.Bunakov and A.Miakusheva, students at Leningrad State University, parti- 
cipated in the coincidence measurements and reduction of the experimental data. 
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Fig.7. Relative intensities of different Lul73—+yb173 decay branches. 

All figures are in percent of the number of disintegrations. Arrows 

pointing upward to the left indicate Auger electrons; the figures near 
them pertain to K-LM electrons. 


Table 7 We desire to express our 
Comparison of experimental and calculated gratitude to A.N.Murin, 
coincidence rates G.M,.Gorodinskii and V.N, 


Pokrovskii for communicating 


Calc. basis ‘ 
Coincidences | Exper. arhene OF the results of their investi- 
Fig.7 gation of the Lu y-spectrum 


prior to publication. 


(L-78,7) (K-400,7 + K—LL) : 6,5:4 44 
te en L7:4,.4:4| 122204 Scientific Research Physical 
:(K-2 2,5) (K-100,7 +K—LL): Institute, 
Ae ata 6) hie ee Let ei ae, "A.A, Zhdanov" Leningrad State 
(K-171,4) (K- 8,7): ghia ey : University 


: (K-171,4) (K-100,7 + K — LL): 
: (K-171,4)(K—LM) 
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MASS NUMBERS OF NEUTRON-DEFICIENT TERBIUM ISOTOPES 
- V.I.Baranovskii, A.N.Murin, V.N.Pokrovskii & I.A.Iutlandov 


At present there is information in the literature on neutron-deficient Tb 
isotopes with mass number from 158 (the only stable terbium isotope has A = 159) 
to 149. For convenience of reference, the principal data of different investi- 
gators have been summarized in the accompanying table. In addition to the half- 
lives and types of decay, we list the ‘degree of certainty" of the isotopic as- 
signments after Seaborg?: A - mass number certain, B - mass number probable and 
D - mass number not well established (Z in all cases certain). It should be note 
that on the basis of the recent investigation of Ward et al®, Tb155 can be put 
in class B. 


Refs.1,2 & 3; these are listed 


Mass in Seaborg's (1953) table* More recent data 
number Type of T 
Class decay 1/2 Ref.5 

149* A a,K (2) 4.1 hours 

15s B a, K (2) 19 hours Q with Tjyg~19 hrs not 
detected 

152 < 10 min. or > 5 yrs. 

153" B K 5.1 days 

154 B K ,B+ 1.2 hours K,B+(?) 7.5 hrs; 17.5 

hrs. 
155 D(B) K 190 days <10 min or >5 yrs. 
{K, 5.6 days - Ref.6} 

156 B K ,B+ 5 Lours K 5.2 days* ; Ison., 
B- 5.5 hrs. 

LS? B K 4.7 days <10 min*** or>25 yrs 

158 <10 min or > 5 yrs. 


*Isotopes investigated in the present study. 
*kThese data have been substantiated in the work of Refs.7-9. 
*k*kA similar value for the period of Tb157 was obtained in Ref.10. 


It will be seen that there are a number of disagreements between the results 
of different investigators. These discrepancies probably stem primarily from the 
method of preparing the isotopes by reactions of the (@,xn) or (p,xn) type, where 
x, the number of outgoing neutrons, is not always reliably known. 

In our work the neutron deficient Tb isotopes were obtained together with 
other rare earth nuclides by spallation of tantalum under bombardment with 660 
Mev protons.11,12 In view of the fact that chromatographic (ion exchange) tech- 
niquesl3,14 were used for the separation, we could be certain of the atomic num- 
ber of the investigated isotopes. 

Earlier it was found!1!,12 that there were present in the terbium fraction 
isotopes with the following half-lives: ~20 hours (according to the tabular data 
either Tb151 or Tpl54); ~5 days (ThL53, TH155, & Th156) and ~3 days (this period 
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had not been observed earlier in Tb) .* 

We could detect only traces of Tb!49 (~4 hours) inasmuch as an interval of 
at least 15 hours always elapsed between the irradiation in the Joint Institute 
for Nuclear Research synchrocyclotron and the measurements on the scintillation 
spectrometer in Leningrad. 

In order to verify the mass numbers of the Tb isotopes present in the in- 
vestigated fraction, we attempted to establish the genetic relationships by 
means of repeated chromatographic separation of the daughter elements and inves- 
tigation thereof. This procedure allows of establishing both the mass number of 
the parent isotope (when the daughter is known) and its half-life (inasmuch as 
the amount of separated out daughter isotope with equal time intervals between 
successive separations is proportional to et, where X is the decay constant 
of the parent nuclide). In this manner we could investigate the Tb isotopes with 
A = 149, 151 and 153 inasmuch as the corresponding radioactive Gd (Z = 64) iso- 
topes are known; the other isotopes of Tb in decaying transform into stable Gd 
isotopes. 

The separation of the daughter nuclides from Tb was carried out four times 
with an interval of 3 days between separations (4 days passed between the third 
and fourth separations). Gd was obtained in all four separations; this fraction 
contained two isotopes: Gd153 (present in all cases) and Gd!51 (observed in the 
first two separations). No other daughter elements (for example, Eu, which 
would correspond to Q-decay of Tb) were present in noticeable amounts. 

log N Gd153 is a thoroughly investigated iso- 
tope with a reliably established decay scheme. 
Its presence in the separated out decay prod- 
4 uct was firmly established both from the peri- 
od and the y-spectrum. The amounts of Gd153 
in the successive separations were compared 
on the basis of the relative intensities of 
the distinct 100 kev line in the y-spectrum 
of Gd (the measurements were made on a 


J scintillation spectrometer). 
The amounts of Gd153 obtained in the suc- 
0 ; - r cessive separations with appropriate correc- 
days tions for losses in the ion exchange process 
Determination of the period of are plotted against time in the accompanying 
Tb153, Tyo = 2.4 + 0.2 days. figure. The last point is also adjusted for 


the longer interval between the third and 
fourth separations. 

It will be seen that the points fit a straight line corresponding to a 
period of 2.4 + 0.2 days for the parent nuclide. Thus the existence of Thi53 
with a period of 2.4 days may be considered firmly established. The most notice- 
able feature in the y-spectrum of Tb153 is a group of lines in the 205 and 210 
kev region. (The complexity of the y-spectrum of the Tb fraction, which contain- 
ed several isotopes, hampered more detailed analysis.) The intensity of this 
group of y-lines in the spectrum of the Tb fraction fell off with a period of 
~2.7 days. This somewhat longer period is to be explained, in our opinion, by 
the fact that there are also present in this energy region comparatively weak 
y-lines pertaining to longer-lived isotopes, for example, Tb155, 6 

The second of the daughter isotopes - Gd151 - observed by us has been less 
thoroughly investigated than Gdl53, As regards certainty of assignment, Gal51 

*The possible presence of a nuclide with a period of ~8 days was noted in 
Ref.12; further careful investigation, however, failed to substantiate this. 
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may be put in class B; according to our data its period is 120-150 days and its 
spectrum consists of lines at 154 and 247 kev (Seaborg's table lists Tj/2g = 150 
days and a 265 kev y-ray). Comparing the amounts of Gdl51 in successive separa- 
tions on the basis of the intensity of the 154 kev y-line, we obtained a value 
of 18 + 2 hrs’ for the period of the parent nuclide. This agrees with the 19 
hour period given for Tbt51 in Seaborg's table.4 

The fact that we established a genetic relationship between Tb151 and Gall 
(not observed earlier) gives reason to assert that the mass number assignments 
for these isotopes are more reliable than hitherto assumed. Inasmuch as the per-— 
formed experiments could not establish the presence (or absence) of Tb!54 in the 
terbium fraction, we cannot be certain to which of these isotopes (or their mix- 
ture) the 270 kev (probably a group) and 345 kev y-lines, observed earlier!2, 
belong. From the fact that the daughter elements do not include Eu, we infer 
that the fraction of Q-decay (with respect to electron capture) for Tb151 does 
not exceed 1%. (The lower bound given in Seaborg's table is 4°10-3%.) 

Experimental investigation of the short-lived products of the spallation re- 
action on Ta enabled us to establish a genetic relationship between Tb!49 and 
Gd149, Inasmuch as the mass number assignment for Tbl49 is certain, in view of 
the existence of this relationship one can consider the said A value for Gdal49 
as reliable; the properties of this isotope have been described earlier.12 

We desire to thank B.K.Preobrazhenskii and V.N.Mel'nikov for assistance in 
the chromatographic separations and N.Bushuev for help in carrying out the measure 
ments. 


"v.G.Khlopin" Radium Institute, 
Academy of Sciences of the USSR 
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MASS NUMBERS OF 52-DAY GADOLINIUM AND 4.3-DAY EUROPIUM ISOTOPES 


- G,M.Gorodinskii, A.N,Murin & V.N. Pokrovskii 


The y-spectrum of the gadolinium fraction obtained by spallation of tanta- 
lum was investigated on a scintillation y-spectrometer and a scintillation y-y 


coincidence set-up. 


new radioactive series, 


E E 
6450752410) days 632"(4, 340.6) days 625", 


and investigated the y-spectra of the isotopes involved. 


The scintillation equipment and experimental procedure 
have been described in Ref.1. 


Earlier2,3 we established the existence of the 


(1) 


It was not feasible 


to investigate the 52-day Gd in pure form inasmuch as the following isotopes 
were also present in the gadolinium fraction: 


Gal49 


GabGle-ty79 
GdtebeeiTy 79 


Approximately one month after 


- Ty/2 = 9 days (Ey = 150, 300, 347 & 520 kev); 
= 150" (Ey, = 154 & 247 kev); 
= 230 " (Ey = 70 & 100 kev). 


irradiation (Fig.1) the intensity of the 115 


kev line of 52-day of Gd becomes equal to the intensity of the 150 kev line of 


9-day Gdl49, 


Some 2-3 months after irradiation, when the Gal49 activity has 


died down to “Ea recep proportions, there begin to appear y-lines of energies 


of 100 kev (Gal 


) and 154 kev (Gdl51l), the intensities of which are commensur- 


ate with the intensity of the 115 kev line. 


4+ 10% pulses/min 


40 
1S kev Bier 
30 t 
20 
10 
0 20 40 ¥ 


Fig.1. y-spectrum of 

Gd fraction separated 
from Eu. Spectrum ob- 
tained one month after 
irradiation. The 115 
kev line decays with a 
period of 52 days. The 
150 kev line is due 
primarily to the decay 
of Gal49, 


In order to determine the content of 52-day Gd 
in the gadolinium fraction we measured the energy of 
the y-line in the 115 kev region. The center of gravi- 
ty of this line gradually shifted to the low energy 
side and in 6-8 month old sources its peak appeared 
at 100 kev in the energy scale. This means that there 
was appreciably less 52-day Gd (Ey = 115 kev) than 
Gd153 in the gadolinium fraction. 

A month old Gd source was investigated in the y-7 
coincidence set-up. The heavy solid line in Fig.2 
shows the coincidence spectrum of 52-day Gd obtained 
under conditions when the "stationary" channel of the 
y-spectrometer was gated to detect the energy interval 
shown by the hatched area under the Gd y-spectrun, 
which is given by the light solid line in the figure. 
The 115 kev peak in the coincidence spectrum, as we 
noted in Ref.3, is explained by the presence of the 
y-ray cascade with an energy close to 115 kev. The 
peak at ~150 kev indicates that 52-day Gd in decaying 
also emits 150 kev y-rays, which coincide in time with 
the 115 kev cascade. It was not feasible to resolve 
fully the 150 kev (52-day Gd) line in the spectrum of 
the gadolinium fraction in view of the presence of 7- 
rays of close energy belonging to other Gd isotopes. 

Anton'eva et al4 report that in the conversion 
electron spectrum of gadolinium with a period of ~50 


days they detected lines corresponding to a y-transition of 155 kev energy, 
which is in good agreement with our data deriving from the coincidence spectrum. 
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N,arb. units 


ea 
15 keV 150 kev Spee 50 days 
i N95 
408 230 
115 
0 43.days 


200 


100 Fig.3. A - Decay scheme for 52-day Gd 


(two versions); B - decay scheme for 
4.3-day Eu. 


-= St a ee 


Hoy 


0 20 70 V Thus the y-spectrum of 52-day Gd consists 

of two y-lines having energies close to 

Fig.2. y-spectrum (light solid line) 115 kev and a 150 kev y-line; apparently 

and coincidence spectrum (heavy solid all these y-rays are emitted in coinci- 

line) of 52-day Gd. The hatched sec- dence. 

tion of the spectrum is the interval ; 

detected by the "Stationary" channel Fig.3 shows the tentative decay 

of the y-y coincidence set-up. scheme for ~50-day Gd (including the 
additional data given above for the 150 

kev line) and the decay scheme for 4.3-day Eu proposed in Ref.6. The period 

of our intermediate nucleus (4.3 days) agrees within the limits of the experi- 

mental error with the period given by Hoff et al° for Eut45; 5 +1 days. Hence 

at the first stage of the investigation we were inclined to assign the mass num- 

ber 145 to the isotopes of the radioactive series in question. Upon further in- 

vestigation and consideration, however, it occurred to us that this coincidence 

of the periods may be fortuitous. One can advance the following arguments 

against the A = 145 assignment; 

1. We carried out a special experiment aimed at detecting smi 45 which 
should have formed from the 4.3-day Eu if this had A= 145. The experiment 
yielded negative results: no Sml145 was detected. 

2. Hoff et al° report that Eul45 emits 200 kev conversion electrons; conse- 
quently, it must also emit 260 kev y-rays. According to our data there were no 
y-lines of less than 636 kev energy in the spectrum of the 4.3-day europium 
separated from the Gd activity. This divergence can readily be explained if we 
admit that the Eu isotope investigated by us and the Eul45 discovered by Hoff 
et al are different isotopes. 

3. In the europium fraction investigated by A. A.Bashilov* there were detect- 


ed conversion lines in the 100 kev region, whose intensity fell off with a period 
of about 5 days. ** 


*We take this occasion to thank A,A.Bashilov for communicating his results. 
**We also investigated the spectrum of the europium fraction but failed to 
detect a y-line corresponding to ~100 kev conversion electrons. This presumably 
can be explained by the presence of Eul47 which emits 120 and 200 kev y-rays. 
The y-line in question, which is probably of low intensity, could readily escape 
detection against the background of the 120 kev Eul47 y-line. 
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The above in conjunction with our data 
suggests that there exist at least two neutron- 
deficient europium isotopes with close peri- 
ods; presumably one of these is the isotope 
investigated by Hoff et al5. Thus the close 
agreement of the half-lives, the indication 
upon which we based our A = 145 assignment, 
is no longer convincing. 

We can attempt to determine the mass 


. "4 8 Ae 5 number of the isotopes through comparison of 
( their y-spectra with the y-spectra of thor- 
Fig.4. Energy of the first ex- oughly investigated nuclides. To this end 
cited level of even-even neo- we can utilize the following established ex- 
dymium nuclei as a function of perimental facts: 
the number of neutrons. 1. Odd-odd isotopes of heavy nuclei 


tenerally have a first excited state about 
100 kev above the ground state (see, for example, Ref.6). 

2. Nuclei with A <150 have a spherical equilibrium shape. Collective ex- 
cited states of spherical even-even nuclei are of the vibrational type. The 
energy of the first vibrational level in such nuclei increases as the number of 
neutrons approaches the magic number 82 (closed neutron shell). A typical ex- 
ample is furnished by the odd-odd Nd isotopes with mass numbers 142, 144 and 146. 
The curve of Fig.4 shows the variation of the first excited level energy of neo- 
dynium isotopes as a function of the number of neutrons outside the filled shell. 

Now let us see what mass number can be assigned to the isotopes composing 
our series, Gd-—»Eu--Sm, so as not to come into conflict with the extant experi- 
mental data on neutron-deficient isotopes. Of the known Eu isotopes, that with 
mass number 144 has too short a half-life. Let us tentatively assume that the 
mass number assignment made by Hoff et al for Eu 46 (degree of certainty - class 
C) is mistaken and that this mass number belongs to the isotopes of our radio- 
active series. 


Let us tabulate the series in accordance with the old and new assumptions 
regarding the mass number; 


Initial assumption: A = 145 Level energies, 


New assumption: A = 146 


gactse” even-even 
146 


gaGdey? even-odd 
145 


63EUgp odd-even 63EUg3 odd-even 1155230 
g2smd3°> even-odd gosmaae even-even 745 51380 


1. Initial and final 
nuclei - even-even; 

intermediate nucleus 
- odd-odd. 


1. All nuclei either 
even-odd or odd-even. 


2. Gd has a closed neu- 
tron shell (82 n); the 
following nuclei have 1 
& 2 neutrons outside 

the closed shell. 


2. Eu has a closed neutron 
shell and hence must have 
a first vibrational level 
at about 1500 kev. 
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Examining our two columns, we note that in the case of the new assignment 
(A = 146), the Eu nucleus which has comparatively low-lying first excited 
states, is odd-odd, while the Sm nucleus, which has two levels with a high ex- 
citation energy (745 and 1380 kev) proves to be even-even. Thus the observed 
level energies are consistent with the values that whould be expected for the 
excited states of an odd-odd (Eu!46) and an even-even nuclide (Sm146). This 
is particularly clearly evident in the case of Sm. With the new A assignment 
the samarium nucleus has two neutrons outside the filled shell. Hence it may 
be expected that the energy of the first vibrational level will be close to the 
energy of the similar level in nal 44, which also has two excess neutrons and 
an even number of protons. This is actually the case, specifically, we have 
Ey = 696 kev for Ndl44 and E, = 745 kev for Sm146, ‘Thus we can now establish 
thé mass number of the isotopes under study with reasonable certainty and write 
the formula for the discovered radioactive series as 


qd 2 eee age ui46 ran E ateegiasieGs. 
T, >= 50 days Ty~4.3 days 
2 


We desire to thank L.A.Peker for valuable discussions and A.V.Kaliamin for 
assistance in the work. 


"V.G.Khlopin" Radium Institute, 
Academy of Sciences of the USSR 


References 


1. G.M.Gorodinskii, A.N.Murin, V.N.Pokrovskii & B.K.Preobrazhenskii, Izv. 
AN SSSR, Ser.fiz., 21, 1004 (1957). (Trans.Bulletin 21, No.7, 1005.) 

2. G.M.Gorodinskii, A.N.Murin, V.N.Pokrovskii, B.K.Preobrazhenskii & 
N.E.Titov, Doklady AN SSSR, 112, 405 (1957). 

3. G.M.Gorodinskii, A.N.Murin, V.N.Pokrovskii & B.K, Preobrazhenskii, 
Izv.AN SSSR, Ser.fiz., 21, 1624 (1957). (Trans.Bulletin 21, No.12, 1611.) 

4. N.M.Anton‘eva, A.A.Bashilov, B.S.Dzhelepov & B.K.Preobrazhenskii, 
Izv.AN SSSR, Ser.fiz., 22, 135 (1958). (Trans.Bulletin 22, No.2, 134.) 

5. R.Hoff, J.O.Rasmussen & S.G.Thompson, Phys.Ref., 83, 1068 (1951). 

6. B.S.Dzhelepov & L.K.Peker, Skhemy raspada radioaktivnykh isotopov 
(Decay schemes of radioactive isotopes), M.-L., 1957. 


- 809 - 


MASS NUMBERS OF NEUTRON-DEFICIENT Dy ISOTOPES 
- A.N.Dobronravova, L.M.Krizhanskii, A.N.Murin & V.N. Pokrovskii 


Until recently only two neutron-deficient isotopes of dysprosium (Z = 66) 
were known!; py159 (134 days) and Dy157 (8.2 hours). There were also indica- 
tions! that there exist short-lived Q-active Dy isotopes with A < 153. 

We studied neutron-deficient isotopes in the work described in Refs. 2-4. 
Investigating the Dy fraction and the genetic relationship of the Dy isotopes 
with their daughter elements (Tb and Gd), we came to the conclusion? that there 
were present in the Dy fraction isotopes with A = 159, 157, 155 & 153. 

To check this we undertook a direct determination of the mass of the Dy 
isotopes forming in the spallation reaction on Ta. To this end we separated the 
Dy fraction in a mass spectrometer and recorded the y-spectra of the separated 
isotopes by means of a scintillation spectrometer. 

For the separation we used a commercial type MS-2 mass spectrometer in 
which the slits were widened somewhat to enhance the transmission (we used an 
ion source operating on the principle of surface ionization) and installed a 
platinum coated tungsten source filament. The recording was carried out by 
means of a photographic attachment? with collection on a photographic plate; 
in calibrating the instrument we used the stable isotopes Eul5l, fyl53, pyl6é1, 
Dy162, Dy163 & Dy164, In the actual separation, the Dy isotopes were collected 
on foil mounted in the position of the photographic plate. This foil was then 
cut into strips, one for each mass (the separation between neighboring masses 
was ~1.5 mm). 

The source prepared in this manner were investigated on a scintillation 
y-spectrometer with a 30 x 20 mm NaI(T1) crystal. In this manner we definitely 
established the existence of radioactive Dy isotopes with A = 159, 157, 155 & 
153 and possibly 151. The weak activity of the Dy159 sample and the very weak 
activity of Dy151 precluded carrying out further measurements on these. From 
the integral activity count and the recorded y-spectra of the separated Dy157, 
Dy155 and Dy153 isotopes we can infer the following. 

Dy15?, The period is 8.5 + 0.5 hours; no daughter activity apparent. The 
y-spectrum consists of an 80 (weak) and a 325 kev line. 

Dy155, Period - 9 + 2 hours; a daughter activity with a period of ~5 days 
was observed (Tb!55 - Refs.4 & 6). The y-spectrum consists of an 80 (doubtful) 
and a 227 kev line. 

Dyl53, Period - 7 + 3 hours; a daughter activity with a period of ~2 days 
was observed (Tb153 - Ref.7). The y-spectrum comprises a line at 80 kev. 

Recently there have appeared two investigations,8,9 the results of which 
are not in conflict with the data of Ref.4 and the present note. Toth & 
Rasmussen? report that Dy153 (5 hours) emits 3.48 Mev Q-particles. The half- 
life of Dy155 according to Toth & Rasmussen is 10 hours (see above), while ac- 
cording to Mihelich, Harmatz & Handley® it is 20 hours. The difference is prob- 
ably due to errors in determining the periods of the very weak Dyl55 sources 
used by Mihelich et al. 


"v.G.Khlopin” Radium Institute, 
Academy of Sciences of the USSR 
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NEW NEUTRON-DEFICIENT RARE EARTH ISOTOPES, LUTETIUM ISOTOPE WITH MASS NUMBER 167. 
- P.M.Aron, A.V.Kaliamin, A,N.,Murin & V.A. Iakovlev 


As a result of bombardment of tantalum with 660 Mev protons in the Joint 
Institute for Nuclear Research synchrocyclotron there were formed neutron- 
deficient isotopes of the rare earths, including some that were previously un- 
known.1-5 In the chromatographically separated lutetium fraction we discovered 
a radioactive nuclide with a period of 55 + 3 min. 

This value for the period was obtained through resolution of the curve 
characterizing the growth and decay in intensity of a y-line of ~100 kev energy, 
observed by means of a scintillation y-spectrometer. The same line was observed 
in the spectrum of ytterbium chromatographically separated from the lutetium 
fraction 7 hours after the initial separation of the rare earth elements. The 
intensity of this line in the spectrum of the ytterbium fraction fell off with 
a period of 18 min. Both the y-ray energy and the period agree within the lim- 
its of the experimental error with the tabular data for ybl67 (Tyg = 18 min; 

E = 118 kev). 

In the spectrum of the thulium fraction separated simultaneously with the 
ytterbium from the lutetium fraction we observed the y-lines characteristic of 
Tm167, ‘he intensity of the bright 207 kev y-line fell off with a period of ~10 
days (the tabular value for the period of Tm167 is 9.6 days). Thus we have un- 
questionable evidence of the existence of a hitherto unknown lutetium isotope, 
namely Lul§7; 


Lul67_ EE ypl67 Em 167 EE Er167 (stable). 
T = 55 min T = 18 min T = 9.6 min 


In addition to the above mentioned ~100 kev line we observed y-lines having 
energies of ~170 and ~240 kev in the spectrum of the initially separated luteti- 
um fraction. The ~170 kev line was also observed in the spectrum of the daughter 
ytterbium and its intensity (second after the intensity of the ~100 kev line) was 
found to fall off with a period close to that of Ybl167, The ~240 kev line was 
not observed in the ytterbium spectrum and hence must be attributed to Lul67, 

We desire to express our gratitude to V.P.Dzhelepov, Director of the Labora- 
tory of Nuclear Problems of the Joint Institute for Nuclear Research, the crew 
of the Institute synchrocyclotron and B.K,Preobrazhenskii for his help in the 
initial search experiments. 


"V.G,.Khlopin" Radium Institute, 
Academy of Sciences of the USSR 
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LUTETIUM ISOTOPE WITH MASS NUMBER 173 
- G.M.Gorodinskii, A.N.Murin, V.N.Pokrovskii & B.K, Preobrazhenskii 


Among the rare earth nuclides obtained by the spallation reaction on Ta, 
we discovered a long-lived Lu isotope with a period of ~200 days to which we 
assigned mass number A = 173.1 Inasmuch as the indicated period differs from 
the value given for Lul73 in Seaborg's table“ and is close to the period given 
for Lut74 (165 days), we undertook a separation of Lu from Hf for the purpose 
of verifying the above mass number assignment. 

The dissolved tantalum target,10 hours after bombardment with 660 Mev pro- 
tons, was purified of the rare earths by precipitation with lanthanum. Several 
days after this the lutetium formed by decay of Hf was separated from the mother 
liquor by the usual procedure. 

The y-spectrum of the lutetium separated from the Hf and of the lutetium 
obtained by ion exchange separation from the radioactive rare earths were studied 
several months after separation when the activity of the short-lived Lu isotopes 
had died out. Prior to measurements, where necessary, we repurified the lutetium 
sources to remove Yb169 (32 days) forming as a result of disintegration of Lul69 
(2 days). 


N, pulses /min 2% 


N, pulses/min 100 
100; $2 a 
' oh 


19 
50 50 


0 70 60 30 700 V 0 20 20 60 w0. Vv 


Fig.1. y-spectrum of ~200-day Lu: a) Lu separated from the rare earths formed by 
spallation of tantalum; b) Lu separated from Hf. The horizontal scale is laid 
off in values of the discriminator bias. 


Fig.l shows the experimental y-spectra of the long-lived Lu activity sepa- 
rated from the rare earths formed in spallation of tantalum (a) and of the Lu 
activity formed in the decay of Hf (b). Both spectra were recorded automatically 
on the same set-up. The discontinuity in the spectra corresponds to a change in 
the recording scale. It will be obvious from a comparison of figures a and b 
that both spectra have y-lines of equal energies and close intensities. It shoul 
be noted that owing to the low activity of the Lu from Hf its spectrum is charac- 
terized by relatively lower statistical accuracy. It will be seen from a compari 
son of the spectra that at least the major portion of the activity of long-lived 
Lu is due to one and the same isotope with Tj/72 = 200 days. Examination of Sea- 
borg's Table of Isotopes? shows that the only Lu isotope remaining in the materia 
separated from the Hf is Lut73, Thus our earlier identification has been con- 
firmed. 

In a further study of the high energy part of the Lul73 y-spectrum we de- 
tected y-lines having energies of 345, 570 and 630 kev.* The relative intensi- 

*At present we are only tentatively attributing the 570 and 630 kev lines 
to Lul73, 
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Fig.2. y-spectrum of Lul73 recorded 
by the "stationary" channel of the co- 
incidence set-up. The three hatched 
sections identify the settings of the 


"stationary" channel in investigating 
coincidences. 
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79 kev y-rays. 


60V 


ties of the y-lines of Lul73 are charac- 
terized by the following ratios: 
79: 7101! 7175: 7274: 7345: 7570: 7630 = 
1: 0.52 ; 0.425 ; 1.85 ; 0.0113 : 
0.26. 

The energy of the 175 + 2 kev line 
differs appreciably from the energy of 
the 179.2 kev y-rays identified from 
the conversion electron spectrum by 
Bobrov et al%. The same investigators 
detected the K line of a 171.2 kev trans- 
ition (designated as line "c" in Ref.3), 
whence it follows that the 175 + 2 kev 
line is the sum of lines with energies 
of 171 and 179 kev and comparable inten- 
sities (Y171:7179 = UloL Usa) 

In the first y-y coincidence experi- 
ments! it was established that all the 
y-rays (77, 101, 175 and 274 kev) coin- 
cide in time with the emission of x- 
radiation, that the 79 and 101 kev 
¥-rays yield coincidences and, 
finally, that no coincidences are 
observed between the 175 and 274 kev 
y-rays. 

For purposes of further investi- 
gation of the y-radiation from Lul73, 
we carried out the following experi- 
ments. We studied in turn the co- 
incidences of the 274, 175 and 79 
kev Y-rays with the other radiations 
from Lul73, The three hatched areas 
in the spectrum shown in Fig.2 cor- 
respond to the successive settings 
of the “stationary' channel of the 
coincidence set-up. 

In investigating the coincidences 
of the 79 kev y-rays with the other 
gammas, the x-ray radiation was at- 
tenuated by a factor of ~10 by means 
of a 0.3 mm thick lead absorber. 


OF Loe 


By way of illustration the spectrum of coincidences of the 79 kev y-rays 


with the other y-rays of Lut73 is shown 
trum recorded by the "scanning" channel 
spectrum represented by the lower curve. 


in Fig.3. The upper curve is the spec- 
simultaneously with the coincidence 
We note that the energy resolution 


of the crystals and photomultipliers used in the coincidence circuit is inferior 
to the resolution of the single crystal y-spectrometer; this explains the more 
“diffuse appearance of the y-spectrum (compare with Fig.1). 

The results of the coincidence experiments may be summarized as follows. 


The 79 kev y=rays yield coincidence 
the 175 kev y-line yields coincidences w 


incidences substantiating its composite character. 


s with the 101, 175 and 274 kev y-rays; 
ith the 101 kev line and self co- 
Control experiments on co- 


incidences of the 274 kev y-rays with the other y-rays substantiate the above. 


Fig.4. Decay scheme for 


- 814 - 


On the basis of joint discussions of the results 
obtained by Bobrov et al3 and ourselves, we propose 
the decay scheme for Lul?73 shown in Fig.4. We note 
that the indicated level populations represent the 
relative probabilities of transitions to the respect- 
ive excited states. In view of the weak activity of 
our source it was impossible to establish the locations 
of the 570 and 630 kev transitions. Their relative 
abundances are less than 5%. 

Using the decay scheme shown in Fig.4 and knowing 
the parameters of our y-y coincidence set-up, we calcu- 
lated the relative probabilities for coincidences of 
the different y-rays from Lul73, The results of these 
calculations proved in satisfactory agreement with the 
experimental data. 

In conclusion we desire to express our deep grati- 
tude to the staff of the Laboratory of Nuclear Problems 
of the Joint Institute for Nuclear Research for assist- 
ance in the study and to K.Ia.Gromov and B,S.Dzhelepov 
for their interest in the work and discussion of their © 
and our data. 


j 
'V.G.Khlopin" Radium Institute | 
Adacemy of Sciences of the USSR | 
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RELATIVE INTENSITIES OF y-TRANSITIONS IN Hol60 
- E.P.Grigor'ev, B.S.Dzhelepov & A.V. Zolotavin 
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Fig.1. Photopeaks from the y-rays of HolS9, ‘The 196 

kev line was obtained with the 2.9 mg/cm” Bi target; 

the others with the 14.9 mg/cm? thick Bi target. The 
background under the lines is due to Compton recoils 

and conversion electrons penetrating the backing and 

the target. 


Earlier we investi- 
gated the conversion elec- 
tron and Bt-spectrum of 
Hol60 obtained by irradi- 
ation of a tantalum target 
with 660 Mev protons.1,;2 
The comparatively strong 
activity of the source 
enabled us to investigate 
the relative intensities 
of the strongest y-transi- 
tions on the same double- 
focusing B-spectrometer. 
To this end we twice (two 
different sources) studied 
the photoelectron spectrum 
of the Hol60 y-rays, using 
a 4 mg/cm? thorium target 
(radiator) and 14.9+0.1 
and 2.9+0.1 bismuth tar- 
gets (Fig.1). The thick 
target was used for in- 
vestigating the high 
energy lines; the 196 kev 
transition was investigat- 
ed with the thinner target. 
Accurate knowledge of the 
thickness of the bismuth 
radiators enabled us to 
determine the ratios be- 
tween the intensities of 
the 196 kev and harder 7- 
-lines. The same source 
was used in these measure- 
ments (with bismuth tar- 
gets of different thick- 
ness). 

The target was made 
in the form of a semi- 
cylinder 3 mm in diameter; 
the source in the form of 
a narrow strip was mounted 
along the cylinder axis. 
The source thickness was 
of the order of a few 


micrograms per cm; a 0.2 mm thick layer of aluminum, onto which the target was 
cemented, served to absorb or attenuate the conversion lines. There was no 
noticeable absorption of the y-rays in the target backing or in the source it- 
self; the correction for absorption of photoelectrons in the target amounted to 


5% for the 196 kev line. 
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As a result of the experiments there were determined the energies and in- 


tensities of the six strongest y-transitions. The data are listed in Table l. 


Table 1 
Energies and relative intensities of the strongest y-transitions in Hol60 
Bi target Th target | Average values 
ae hy, kev I, hy, kev le | hy, kev I 
4 196,4 41 196,4 41+4 
2 938 , 2 9,1 538,14 0 We 538 , 2 4142 
5) 646 ,0 41,5 645 ,6 41,5 645,8 41 ,5+4 
4 730,0 100 728 ,7 100 729,4 100 
5 879,3 51 879,3 54-+5 
6 965,14 71 965, 4 TA+7 
Table 2 
Conversion coefficients and multipole orders of Hol60 transitions 
fe : 7 +10° e 
No. ee I Is : theoretical Multipole 
“eye * : exper1— order 
ev mental E2 M1 


1 | 196,4 | 44,044] 10045 169,0 E2 
2 | 538.2 | 10,8+2 | 2,25-+0,15 | 14+6 10,2 | 20,9 | #24 Mi, £2 . 
3 | 645.8 | 41,544 | 5,25+0,3 | 8,842,7 6,66 | 13,3 | #24+M1, E2 
4 | 729.4 | 100+5| 6,9+0,4 | 4,8+4,2 5,04 9,89 E2 

5 | 879,3 51+5 | 3,52+0,2 | 4,84+4,5 3,4 6,3 | H2+M1, £2 

6 | 965,41 M+7| 3,9+0,3 | 3,8-1,2 2,8 5,0 | £2+ M1, £2 


On the basis of the determined relative y-rays intensities and the earlier 


data on the conversion spectrum of Hol60 | we can determine the conversion coef- 
ficients and the multipole orders of the transitions if we bear in mind that the 
196 kev transition occurs between 4+ and 2+ levels of the first rotational band 


of Dy160, Assuming the conversion coefficien 
of this transition to be equal to the theo- 
retical one for electric quadrupole radiation 
we obtain the conversion coefficients listed 
in Table 2. 

These results fully confirm the level 
diagram for Dy160 proposed in Ref.2 and re- 
produced in Fig.2. The even (+) parity of 
the 1695 kev level has now been proved; the 
4 spin assignment appears highly probable. 

In this case the 729 kev transition is E2, 
while the 646 and 538 kev transitions are 
either a mixture of E2 + Ml or E2; more ac- 
curate data are necessary to determine the 
283 4" proportions of the mixture. The 879 and 966 
kev lines are complex! and one cannot speak 
865 2° of their multipole order; but since the 
characteristics of the levels between which 
these transitions occur are known, the choic 


1695 4° 


Fig.2. Diagram of the most of assignments is limited to E2, Ml or E2 + 


densely populated levels of Ml. The high energy component of the 963- 
Dy160 


966 kev doublet is pure E2 and, consequently 
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the multipole order of the 963 kev transition must be either Ml or E2 + Ml. Re- 
garding the 873 and 879 kev transitions, at present we can only say that both 
are probably E2 + Ml. 

In the light of the above results we can evaluate the correctness of the 
balance of intensities in the decay of HotS9 grawn up in Ref.2; there we used 
the conversion line intensities and from the theoretical conversion coefficients 
for the inferred multipole orders determined the transition intensities. The 
present photoelectron spectrum measurements substantiate the intensities evalu- 
ated for the 538, 646, 873 + 879 and 963 kev transitions and show that there was 
a divergence of up to 30-40% as regards the intensity of the 730 kev transition. 

We take this opportunity to thank the personnel of the Joint Institute for 
Nuclear Research and the Radium Institute for irradiation of the tantalum target 
and preparing the pure erbium and holmium sources. 


Scientific Research Physical Institute, 
Leningrad State University 
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INVESTIGATION OF THE LOWER EXCITED LEVELS OF Th230 By OBSERVING O-ex 
COINCIDENCES 


Recent years have seen increasing use of ionization chambers with a grid. 


- A.P.Komar, G.A.Korolev & G.E.Kocharov 


The principal advantage of ionization chambers is their large acceptance angle, 


which allows of investigating weak 


Q-lines, investigation of which on magnetic _ 


spectrometers is virtually impossible. In a number of cases the grid ionization 


chamber technique!-3 has been used 
spectra. 


for investigating the fine structure of Q- 


We designed an apparatus for detecting Q-ex coincidences. The instrument 
consists of a pulse ionization chamber inside which is a proportional counter 


for detecting conversion electrons. 


We used this equipment for investigating 


coincidences between the Q-spectrum of U234 and conversion electrons. 


Description of the equipment 


The pulse ionization chamber with. the proportional counter is shown in Fig. 


\ 


1 
SSW ASSIS 


Fig.1. Ionization chamber with 
proportional counter: 1 - valve, 
2 - electrode with source foil, 
3 - plexiglass cover, 4 - pro- 
portional counter filament, 5 - 
cylindrical counter cathode, 6- 
insulator, 7 - first grid, 8 - 
insulator, 9 - collecting elec- 
trode, 10: — ‘second erid, i— 
insulator. 


The Q-particle source is mounted on the 
high voltage electrode. The first grid 7 is 
intended for investigation of the angular dis 
tribution of particles, for example, investi- 
gation of Q-ex directional correlation and 
also for the introduction of electric col- 
limation. The second grid 10 shields the 
collecting electrode from the influence of 
positive ions. The grids were prepared by 
spot welding of 0.1 mm diameter nichrome wire 
to a stainless steel ring. The separation 
between wires is 1.5 mm in the first grid and 
3 mm in the second grid. 

The distance between the high voltage 
electrode and the first grid is 50 mm; the 
distance between the grids is 20 mm; distance 
between the second grid and the collecting 
electrode is 15 mm. The "noneffectiveness" 
parameter of the two grids was determined ex- 
perimentally; the determined value agreed 
with the calculated one*. 

We used a semicylindrical proportional 
counter with a cylinder diameter of 100 mm; 
the filament diameter was 0.012 mm. The ex- 
perimentally determined evaluation of the 
gas amplification coefficient k as a function 
of the applied voltage is shown in Fig.2. 

The particle source was a thin (<40 


g/cm?) film of the active material 20 mm in diameter. The film source had . 
good mechanical strength and uniform distribution of the active material. The | 
distribution was checked radiographically. The technique of preparing such 


film sources is described in Ref.5. 


The chamber was evacuated to 10° %* mm Hg 


and filled with argon through a sodium purifier. 
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Fig.2. Variation of the 
gas amplification coef- 
ficient k as a function 
of the voltage on the 
0.012 mm diameter fila- 
ment at a pressure of 
1.3 atoms. Cylinder 
diameter - 100 mn. 


200 


200 100 O E,kev 
Fig.3. Q-spectrum of y234, 
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The associated electronic equipment includes a 
preamplifier with a low noise level and has provision 
for suppressing the background of chance a-@ coinci- 
dences. The instability of the electronic equipment 
over a period of 24 hours proved to be less than 0.2%. 


Q-particle spectrum of 234 


Investigation of the second excited level of 
Th230 by direct investigation of U234 q-particle 
spectrum was virtually impossible in practice due 
to the presence of the principal group of U235 q- 
particles which have an energy almost equal to that 
of the Qp group, corresponding to the transition to 
the second level of Th230.When the Q-eg technique is 
used, however, the principal group of U235 particles 
should not be detected. 

The recorded spectrum is shown in Fig.3. As 
may have been expected, the principal Q-particle 
groups of U234 and U235 do not appear. The Qp group 
corresponds to a transition to the 2+ level of the 
daughter nucleus. This Q-particle group has been 

investigated by Bochagov et al?, Gol'din et al7 
and Valladas®. Analysis of the spectral curve 
allows of determining the intensity of the transi- 
tion to the 4+ level. This intensity is found to 
be 0.3540.15% (the intensity of the qQ] group is 
assumed to be known). The energy of the 4 level 
is 170 kev, as follows from the unified nuclear 
model. According to Seaborg's table?, the y- 
spectrum of U234 contains 53 and 118 kev lines 
with intensities of 1 and 0.4. It may be assumed 
that the 53 kev y-rays correspond to the transi- 
tion from the 2+ to the ground level, while the 
118 kev y-rays correspond to the transitions from 
the 44+ level to the 2+ one. The cross-over transi- 
tion from the 4+ level to the ground level has not 
been observed, although it is not necessarily pre- 
cluded. 

Using the theoretical values of the K and L 
shell conversion coefficients!9,11 and taking the 


Upper left - diagram of u234 experimental value for the ratio Ny-53/Ny-118 = 


—Th23 a-transitions. 


= 2.5, we can calculate the intensity of the transi- 
tion to the 4+ level. This calculated intensity 


agrees with the experimentally determined value of 0.35 %. 
Valladas® investigated coincidences of U234 q-particles with x-rays. The 


value for the intensity of 


the transition to the 4+ level obtained by Valladas 


is 0.3%. Thus our data agree with those of Valladas within the limits of the 


experimental error. 


We desire to express our indebtedness to B.A.Bochangov and S.N.Nikolaev 
for valuable advice on the experimental procedure and the electronic equipment. 


Physical-Technical Institute, 
Academy of Sciences of the USSR 
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INVESTIGATION OF Cs134 BY THE COINCIDENCE METHOD 
- Iu.A. Aleksandrov 


Introduction 


Although there have been numerous investigations!~11 of the decay of cesium 
134 we cannot as yet unambiguously establish its decay scheme. 

There can be little doubt regarding the existence of the following cascade 
transitions: 797-605, 605-570, 797-605-570, 605-1370 and 802-1170 kev. In the 
work of Ref.9, carried out by means of a fast-slow coincidence set-up, there was 
also observed a 605-460 kev cascade, the existence of which, however, is open to 
question inasmuch as in the spectrum reproduced in the report there is consider- 
able statistical scatter and a large interfering admixture of coincidences with 
the 797 kev y-rays.* 

B-y coincidences were studied in the work of Refs.10 & 11. It was found 
that the 605 and 797 kev y-rays and a fraction of the y-rays with energies of 
563 and 570 kev yield coincidences with the hard component of the B-spectrun. 

In Ref.1 it is noted that there are coincidences between the 1370 kev y-rays 
and the soft B-spectrum component. 

The presence of hard 7-rays in the decay of cs!34 has been noted in Refs. 
12 &13. It was found that there exist 7y-rays of energies 1640, 1750, 1870, 
1960 and 2030 kev with intensities of the order of 10-© photons per decay. 

We undertook further investigation of the 7-y and B-y coincidences for the 
purpose of refining the decay scheme. 


Apparatus and results 


The measurements were carried out by means of scintillation spectrometers 
connected into a coincidence circuit with a resolving time of 2-107" sec. 

Each of the scintillation spectrometers consisted of an FEU-S photomulti- 
plier and a 15 mm thick NaI(Tl) crystal. The relative half-width of the zn69 
y-line was 8%. The stability of operation of the spectrometers was investigated 
with reference to the position of the Zn®5 photopeak. After warm-up, the drift 
of the zn65 photopeak with constant loading of the spectrometer did not exceed 
0.5% over 20 hours continuous operation. 

For detecting the B-spectrum we used an FEU-19M photomultiplier coupled to 
a tolane crystal 3 mm thick. The detecting efficiency of the tolane crystal as 
regards Cs5i34 y-rays was 5%. The B-spectrometer was calibrated in energy with 
reference to the Hg293 conversion line. 

For investigating the hard part of the Csl34 y-spectrum we used a scintil- 
lation counter with a 15 mm thick NaI(Tl) crystal coupled to an FEU-11 photo- 
multiplier. A lead absorber 10 cm thick was installed between the sources and 
the crystal. The activity of the source was approximately 500 millicurie. 

We investigated the spectra of coincidences with the 605, 797, 1170 and 
1370 kev y-rays. The coincidence spectra were resolved into individual compon- 
ents on the basis of careful investigation of the shapes of the Hg203 279 kev, 
Cs137 660 kev and zn§5 1120 kev lines recorded under the same experimental con- 
ditions. 

*Stewart et al, listed under Ref.9, make no mention of 605-460 kev correla- 
tion. In general, the reference as listed in the original report appear to be 
thoroughly mixed up. We have corrected them only to the extent of attempting 
to correlate the authors with the proper Phys.Rev. volume and page numbers. 
Translation editor. 
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Fig.l. Spectrum of coincidences with the 605 kev 


y-rays; OEset = 570-700 kev. 


oincidences 


0 Oe are $* a2 8 8 M5 Vv 


Fig.2. Spectrum of coincidences with the 
797 kev y-rays; AEget = 740-870 kev. 


Our measurements sub- 
stantiate the existence of 
the 605-797, 605-1370, 605 
-570, 797-570 and 1170- 
-802 (797) kev cascade 
transitions. Our results 
also indicate the existence 
of the following cascades: 
605-1040 and 1170-475 kev. 

The coincidence spec- 
tra and the corresponding 
sections of the single- 
spectrometer y-ray spectrum 
are shown in Figs.1-4. | 
The 570 and 475 kev photo- 
peaks corresponding to the — 
570-605, 570-797 and 475- 
-1170 kev cascades were ob- 
tained by resolution of 
the coincidence spectrum — 
into individual components. 
The presence of interfering 
coincidences in the 400 to 
600 kev region in Figs.1 & 
3 is explained by the fact 
that in addition to the given photo- 
peak part of the Compton distribu- 
tion in the other y-lines entered 
the "stationary'' channel at the 
given setting. 

We did not detect the 605-475 
kev cascade mentioned in Ref.9. A 
search for the 475-1370 kev transi- 
tion cascade, whose existence has 
been inferred by other authors, 
failed to yield positive results. 
According to our evaluations, the 
relative intensity of this presumed 
cascade cannot exceed 0.5%. For 
evaluating the relative intensities 
of the cascade transitions we used 
the data of Foster & Wiggins® on the 
relative intensities of Csl34 y- 
rays. 

The relative intensities of the 
cascade transitions according to 
our evaluations are the following: 


605-797 kev 100% 
605-570 10% 
605-1370 3% 


605-1040 3% 


797-570 10% 
1170-802(797) 3% 
1170-475 2% 
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Fig.3 Fig.4 


Fig.3. Spectrum of coincidences with the 1170 kev y-rays; AE set 
Fig.4. Spectrum of coincidences with the 1370 kev y-rays; LE set 


1150-1250 kev. 
1300-1440 kev. 


In investigating B-y coincidences, we dis- 
criminated the 360 to 660 kev section of the 6- 
spectrum. In this case the y-radiation back- 
ground amounted to about 5%. It was subtracted 
accordingly in reducing the results. 

From analysis of the coincidence spectrum, 
shown in Fig.5, it is evident that the hard part 
of the B-spectrum yields more coincidences with 
the 797 kev than with the 605 kev y-rays, which 
is in agreement with the results of Keister, Lee 
& Schmidtl9., It was found that part (30-50%) 
of the 1370 kev y-rays are in coincidence with 
the hard part of the B-spectrum. These coinci- 


N 
25 


4 20 =, 70 Vv dences cannot be explained by the y-background 
Fig.5. B-y coincidence spec- or by summation of the scintillations in the 
trum; AER ot = 360-660 kev. crystal inasmuch as the thickness of the crystal 


and the solid angle subtended by the source are 
too small. 

If we take the intensity of the coincidences of the hard part of the B- 
spectrum with the 797 kev line as 100%, then the intensity of the coincidences 
with the 605 kev y-rays is of the order of 90% and the intensity of the coinci- 
dences with the 1370 kev y-rays is of the order of 2%. 

We also investigated the high energy region of the Csl34 y-spectrum. We 
observed photopeaks from y-rays of 1640, 1750, 1870, 1960 and 2040 kev energy. 
The intensity of all these y-rays is of the order of 10-6 photons per disinte- 
gration. In order to make sure that these y-rays were not due to some impurity 
in the Cs134 source, the spectrum was investigated two times with an interval 
of one year between measurements. No changes in the relative intensities of the 
y-lines were observed. 

All our experimental data on B-y coincidences and the hard part of the Cs 
y-spectrum are consistent with the decay scheme proposed by Foster & Wiggins® 


134 
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with the addition of the high energy y-transitions!3, The only disagreement 


is for the 475 kev y-transition which,according to our data, should be located 
between the 1644 and 1168 kev levels rather than between the 1870 and 1368 kev 
levels, as shown in Ref.6. 

From the results of our B-y coincidence measurements it may be inferred 
that part of the 1370 kev y-transitions goes to the ground state of Bal34, The 
spin and parity of the 1370 kev level are 3-. In this case the 1370 kev y- 
transition must be E3, whereas according to the data of many authors this 7- 
transition should be either El or E2. This difficulty can be obviated if we 
assume that the spin and parity of the 1370 kev level are either l- or 2-, but 
then the probability of the B-transition from the ground state of Csl34 with 
spin 4 to the 1370 kev level will be too low. The presence of 1370-605 kev y-y 
coincidences leads us to infer that there exists a second 1370 kev or a second | 
605 kev y-transition. The first alternative is more acceptable inasmuch as there 
are reported to be coincidences between the 1370 kev y-rays and the soft part of 
the B-spectrum, although it must be admitted that the presence of these coinci- 
dences can also be explained by the existence of a second y-transition of 605 
kev energy. 

In conclusion I desire to thank S.V.Golenetskii who was of great assistance 
in carrying out the investigation. 


——- 


Leningrad State University 
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RADIATION FROM As?4 
- E.P.Grigor'ev, B.S.Dzhelepov, A.V, Zolotavin, 
V.Ia.Mishin, V.P.Prikhodtseva, Iu.V.Khol'nov and G.E.Shchukin 


In December 1957 we were able to obtain a radiochemically pure sample of 
As74 (~4 millicurie) with a good specific activity. The principal features of 
the decay of As?4 being fairly well known, we undertook our investigation pri- 
marily for the purpose of verifying and refining the different characteristics 
of this decay. 


1. Source 


The As?4 was prepared by bombardment of germanium with 10.8 Mev deuterons. 
After separation of the germanium in the form of GeCly, the arsenic was purified 
by the procedure described by Green & Kafalasl, converted to AsH3 and then de- 
posited as a speculum layer on a quartz tube. The source for the B-measurements 
was further sublimated onto an aluminum foil (10 yu) from which a 25 x 1 mm strip 
was cut. To provide for complete absorption of the positrons and full transmis- 
sion of the annihilation radiation, the source for the y-measurements was encap- 
sulated in copper. 


2. Investigation of the pre and 6 -spectra 


The measurements were carried out on a double focusing B-spectrometer with 
a resolution AHp/Hop = 0.4%. The Bt- and B--spectra of As’* consists of two com- 
ponents each (Figs.1 & 2). The energies and relative intensities of the compon- 
ents are listed in Table l. 
Table 1 
Energies and relative intensities of the As?4 Bt- and B -spectra 


Johansson et a4 


Spectrum | ; 
i ts ly Washes? Relative 
intensity | key intensity 
at 1510-415 | 2445 = = 1530 19 
Bt 910+10 | 180410 960 95 920 160 
ip 1355410 | 122440 1450 89 1360 104 
én 720-15 100 820 100 690 100 
2 


In order to resolve the B-spectra into components one must know the shape 
of the respective high energy components. Fig.2 shows that the high energy com- 
ponents are closest to the unique shape (AI = 2, yes): the Kurie plot is most 
nearly rectilinear if one takes into account the correction factor for unique 
transitions®. In this case the experimental points fall on a straight line with- 
in the limits of the experimental error, while without the correction sgt ahs 
Cunig? the deviation from a straight line is appreciable. Johansson et al” estab- 
lished only that the B™ component is of the uniquely forbidden shape. One can- 
not unambiguously classify the Byt- and 6, -transitions as unique solely on the 
basis of the shape of the spectra. There is, however, another stronger argument: 
the product {t(Wj—1) calculated according to the data shown in the decay scheme 
(Fig.5) equals 0.8°1010 for By* and 0.5°1019 for B, - For most unique transitions 
this product lies in the range from 0.5°10-1° to 1.8°10710, despite the consider- 
able diversity of the disintegration energies Wo Assuming that these transi- 


=. $26) = 


tions are uniquely forbidden, we must infer that the spin and parity of the 


ground state of As7?4 are 2-. 


The Kurie plots for the soft components of both spectra, obtained after 


subtraction of the unique spectra, proved to be linear. The upward deviation 


of the experimental points in the region under 300 kev (Fig.2) is explained by — 


the relatively large thickness of the source. 


This effect has been observed in 


investigating other isotopes, for example, p32, with the same source thickness. 


500 1000 
Fig.1 


3. 


OW 
EFC 


1500 Q 
E, kev 


Conversion Electrons 


Table 2 


Energies and relative intensities 
of As?4 conversion lines 


} 


| 


Intensity of line re— Relative line 
Conversion line AGEN to that of the , ; 
2-spectrum taken as 100 intensity 
K-596 0.48-+-0 .04 1.00 
(L + M)-596 0.06--0.04 0.12 
K-635 0.437--0.014 0.28 


o 


300 1000 1500 E.kev 
Fig.2 
Fig.l. a) Positron spectrum of As?4; b) electron spectrum of As?4, 
Fig.2. Kurie plot for As74; a) positron spectrum, b) electron spectrum. The in- 
serts show the Kurie plots of the hard components without the unique correction. 
The size of the circle points indicates the experimental uncertainty. 


The K and L + M conver 
sion lines associated with 
the 596 and 635 kev 7- 
transitions stand out clear 
ly against the B-spectrum 
background (Fig.3). The 
data pertaining to these 
lines are listed in Table 2 

The transition ener- 
gies were determined most 
accurately, apparently, in 
the work of Johansson et 
al*; 596.3 + 1.10 and 


635.2 + 1.0 kev; accordingly, below we shall use these energy values. The ener- 
gies determined in our experiments differ from the cited values by 0.2%. From 

the relative intensity of the K-635 line and the soft component of the B”-spec- 
trum, we obtain for the K conversion coefficient 


0% 


(1.37 + 0.14)-1073, 
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N, pulses /min 


550 600 650 E,keyv 


Fig.3. Conversion lines associated 
with the 596 and 635 kev y-transi- 


tions. 
This value _is close to the °,000 
theoretical one’ for E2 type 
transitions, namely, Q = 1.30° N, pulses /min 


-10-3, Thus there can be no doubt 
that we are dealing with a 2+—»0+ 
type transition common to even- 
even nuclei. 
The situation is somewhat 

more complicated as regards the 
596 kev transition associated with 
the positron branch, inasmuch as 
for determining Qx in this case 
one must know the K branching ratio. 
We shall return to this question 
in Section 6 below. 

Fig.4. y-spectrum of As’; a) soft section of 


4, Gamma-Rays the spectrum obtained on a Ritron spectrometer 
under ordinary conditions; b) hard section of 
The y-ray spectrum of As?4 the spectrum obtained on a Ritron with an en- 
was investigated by observing hanced transmission factor. 


recoil electrons on two differ- 
ent Ritron®,9 type spectrometers. The instrument with the higher resolution 
was used for measuring the relative intensities of three y-lines: annihilation, 
596 and 635 kev. The lines are shown in Fig.4; pertinent data are listed in 
Table 3. The 596 and 635 kev lines could not be fully separated, but the reso- 
lution of the spectrum into components was carried out on the basis of the shape 
of the thoroughly studied annihilation and 603 kev lines of Sb124, 

The Ritron spectrometer with poorer resolution but with ~100-fold increased 


transmission was used to search for the harder y-lines in the radiation from As?4; 


’ 
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Table 3 in view of the As’4—»Ga/4 disintegration ener 
Relative intensities gy one may expect to find excited levels of 
of As’4 y-rays Ge’4 up to 2500 kev. Actually, there was ob-. 


served a definite rise in the counting rate 
hy, kev GG en cpa above the smooth background, due to the softe 
_ tet al” y- rays, in the 1200 kev region (Fig.4,b). Th 


intensity of this line is approximately 1/220 


a i 2t0 12 “4 that of the annihilation line. 
635 1 1 A line of this energy has not hitherto 
1200 0.018-+0.005 a been observed in the decay of As74, but in — 


1200 0.004 
ag < 1955 Sinclair!9 reported that incident to bom 


bardment of Ge with fast (4.4 Mev) neutrons ~ 

there is excited a y-line of 1230150 kev ener- 
gy- In 1957 he published revised confirmatory data: the y-rays have an energy of 
1230+19 kev; the excitation occurs in Ge’4 and the excitation probability is 17 
times lower than for the 596.3 kev level. Soon thereafter (1958) Eichler et all? 
reported that they observed y-lines with the following energies in the decay of 
Ge?74; 600, 860, 1100, 1500, 1900 and 2300 kev. It is reasonable to assume that 
Sinclair, Eichler et al and we observed the same transition with an energy of 
about 1200 kev. 

In neighboring even-even nuclei the second excited level is usually located 
2.0-2.2 times higher than the first level (for example, zn69 , Se76, Kr82 and Kr34 
In view of this, there is a good probability that the second level of Ge?4 has an 
energy of ~1200 kev which is almost twice the energy of the first level (596.3 
kev). If this is the case, it may be hypothesized that there may also exist a 
transition from this second level to the first one, a transition having an energy 
of about 600 kev and forming a doublet with the 596 kev y-rays. However, the 
~1200 kev level is weakly excited both in the decay As’4 and in neutron excita- 
tion. There is no mention of doublet structure of the 596 kev line in the litera 
ture. 


5. Branching in the As?4 Decay Scheme 


The decay scheme for As’4 is shown in Fig.5. Our problem is to determine 
the values of a,b,c,d,e,f and g (a+b+c+d+e+/+g= 100%). 

We have the following equations deriving directly from our experimental 
data: 


e:d:f:g = (24-45): (180440) : (122410) : 100 (1) 


(ratios of the B-spectra intensities - Table 1), and 
2(d+e) : (b+d): g:a=(4.06--0.12): (4.22+-0.12) : 1: (0.018-+0.005) (2) 


(ratios of the y-line intensities - data of Table 3; we are tentatively assuming 
here that the 1200 kev y-transition is the only mode of de-excitation of this 
level). 

These equations are not entirely independent: it follows from (1) that 
2(d+e):g = 4.0840.22, while from (2) we have 2(d+e):g = 4.0640.12. 

The deduced values are in good agreement and we can average them, but 
nevertheless, one of our equalities disappears, and thus we have only six equa- 
tions for determining seven unknowns. It will be noted, however, that c, the 
probability of capture to the ground state of Ge?4, is not comprised in any one 
of the experimental equations. Neither we, nor apparently anyone else, has 
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Fig.5. Decay scheme for As?4, 


measured any parameters connected with capture to the ground level of Ge74, 
Such parameters might be: 


a) the ratio of intensities of the x-rays to any y-ray, 


b) the ratio of the intensities of the Auger electrons to any conversion 
line or 


c) the fraction of x-ray quanta yielding coincidences with the 596.3 kev 
= rays e 


We can get around the quandary by using theoretical value of K/pt for the 
decay of As74 to the Ge’4 ground state. Fortunately, this transition is a 


unique one and hence the ratio can be calculated unambiguously inasmuch as the 
matrix element involved drops out. 


L.N.Zyrianova informed us that for the transition in question 
K+21,+ Ly 
B+ 
Adding this equation to those listed above we can readily solve the entire 
set of equations and as a result we obtain 


mare TOT: 
e 


a = (0.26-++0.07) %, €=3(3,.5 0,7) %, 
b = (35-+3) %, f = (17.7 41.5) %, 
¢ = (2,8-+0,5) %, g = (14.5-+0.4) %. 


d = (26.4+1.6) %, 


These are the values we have inserted in Fig.5. 


6. Remarks Concerning Individual Levels 
A. Conversion of the Ge?74 596.3 kev transition 


Conversion coefficient ox for the 596.3 kev transition can be determined 
in two ways: 


a) from the intensity ratios of the 596.3 kev and 635.2 kev y-rays and the 
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corresponding conversion lines 
Ne. Ny. 
K-596 |" ¥-635 __ 4 39.40-3 0.49 + 0.04 1 


ee ee 


K-596 ~ “K-085 "Nar gos | Nosy 0.137 + 0.014 4224012 ~ 


= (1.140 +0.15)- 1073; 
b) from the ratio of two experimentally determined values: 


Nx-596  Ny-o35 ___(0.48 + 0.04) 10-2 __ i 
Xn see = Noe None =~ ae oad — = (14 0.0) 40, 


a 


The two methods are not entirely independent: in both use is made of the 
ratio Ny-65;/Ny-s9; in the former case, however, use is made of the ratio of the 
areas under the two conversion lines, while in the latter case use is made of the 
areas under the lines and the continuous spectrum. 

The two values are in good agreement with each other but not with the theo- 
retical conversion coefficient for E2 transitions: Qy = 1.43°1073, 

The reason for this divergence is not clear. A small admixture of the hypo- 
thetical 604 kev transition, which could be Ml, does not alter the situation in- 
asmuch as the conversion coefficient for Ml type transitions is 1.02+1073, i.e., 
differs little from OQ, for E2 (1.43-1073), 

Utilizing the data of Table 2 and setting M/L equal to 0.2, we obtain for 
this transition 


K/T eS" 9OSb re sa6 
This value is in good agreement with the theoretical one for E2 transitions, 


namely, K/L = 9.4; it is also not inconsistent with the theoretical value for Ml, 
namely, K/L = 10. 


B. Value of K/p* for the decay of As’4 to the 596.3 kev level of Ge’4 


Above, in Section 5, we found 


N .-910 30 +3 
Noro 26.4416 se 
Taking L/K = 0.10, we obtain 
a = 1.20-+0.14. 


For allowed transitions of this energy®»13 


K _ Sr _ 1.66 
yr aay accion O61 


sidedds 


For a first forbidden 2-%2+ transition the value of K/p*t can differ slightly 
from that given above. In any case we can conclude that the K/§t+ ratio for this 
transition is normal. 


C. 1200 kev level of Ge74 


In evaluating the intensity of the As74-»1200 kev Ge?4 transition, it was 
assumed that emission of the 1200 kev y-rays is the only form of de-excitation 
of this level. As noted above, however, it is possible that there also exists 
a y-transition of energy 1200 - 596 = 604 kev, which has not been observed be- 
cause it is masked by the 596 kev y-transition. The 1200 kev level in Ge’4 is 
probably a second vibrational one. The possible assignments for a second vibra- 
tional level in general are 0+, 2+ and 4+; the 0+ assignment, however, is pre- 
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cluded inasmuch as there is a y-transition to a level with 0+. Let us consider 
the two remaining alternatives. 

If the spin of this level is 2+, we can attempt to determine the ratio of 
the 2+--2+ and 2+-*0+ transition intensities by analogy with the neighboring 
nuclei inasmuch as Deliagin & Shpinel'!4 have shown that this ratio changes 
gradually in going from nucleus to nucleus. In Zn®© and Ge?72 it equals 2; in 
Se76 it equals 1.12. If we take an average value of 1.5, then we must increase 
by a factor of 2.5 (to 0.65%) the fraction of As’4 decays to the 1200 kev level 
of Ge’4, The ratio of intensities of the hypothetical "604" and observed 596 
kev y-lines should be 0.39:61 = 1:150. With this intensity ratio the '604" line 
could hardly be detected (even from y-y "self-coincidences"). 

If the assignment for the 1200 kev level is 4, the ratio of intensities of 
the 604 and 1200 kev levels should be much greater - the Weisskopf-Moszkowski 
single-particle formulas yield a value of 2°10" - and in this case the 1200 kev 
line would be so faint as to be virtually undetectable (as in the case of Mg24, 
Ti46, Ti48, cr52, niS0, Ge?2 and similar nuclides). 

Thus it would st gerade we should give preference to the 2+ assignment. 

Bt-decay of As’© to such a level must be of the 2-—»2+ type, i.e., first 
forbidden and in addition hindered with respect to the quantum number (the 
1200 kev level is a two-quantum vibrational one). In the analogous case of 
As’6-+41210 kev Se76, the value of log ft is 8.5. A not dissimilar situation 
obtains in our case: 


Ee.p. = 320 kev; Eo = 0.625; 
oP race Bf) Il a 0.65 % = 12-10-3 %: 


300 


ft = © (Ey) S (E,) = 0.053-0,289 =1,5-10- and Ig f*t = 8.2. 


Thus no inconsistencies arise. 
D. Hard y-rays and the B -branch 


The second excited level of Se’4 probably lies near 1300 kev and is charac- 
terized by 2+. It may be excited in the decay of As/4, but the probability of 
such excitation is very low: with log ft = 8.8 and Ee,p, = 50 kev, the excita- 
tion probability is ~10-%. 


E. Competition of Bt- and B”-decay of As/4 


The decays of As’* to the Ge’ and se?4 ground levels should be equally 
forbidden and the products (W5—1)ft should in the first approximation be equal. 
In the second approximation this product characterizes the nuclear structure: 
it should be smaller for the transition that brings the nucleus closer to a 
closed shel1.15 74 

7 : 

In our case, as a result of the decay 33484] 348e40 there is obtained a 
nucleus with a closed 40 neutron subshell. And we actually find that for this 
transition the product (W?—1)/t is smaller by a factor of 1.65 (the respective 
values being 0.47-1010 and 0.78-1019) and ft is smaller by a factor of 1.38 (3.9: 
-108 and 5. 4° 108) than for the transition to the Ge ground state. A eens si- 
tuation obtains for transitions to the first excited (2+) states of Ge“ and Se74; 
ft in this case is smaller by a factor of 5.6. 

We take this occasion to thank B.M.Isaev, I.P.Selinov, E,E,Baroni, E.N.Khop- 
rov and their collective for assistance in the work. 
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GAMMA-SPECTRUM OF Lut?1 
- A.,I.Lebedev, A.N.Silant'ev & I.A. Iutlandov 


Among the nuclides formed as a result of bombardment of tantalum with fast 
protons are radioactive Lu isotopes. The presence of radioactive Lu isotopes 
with a period of about 8 days in the spallation product has been reported by 
_ Nevirk & Seaborg+ and the Preobrazhenskii group”. The observed activity was as- 

- seribed to Lul7! or Lul72, In the investigation of Ref.3 there were detected y- 
lines of ~180, 730 and 1100 kev energy in the spectrum of the ~8 day activity. 

The study of Ref.4 was concerned with the conversion electron spectrum of ~8 day 
Lu; there were observed conversion electrons corresponding to 75.8, 90.6 and 181.7 
kev Y-rays. The Preobrazhenskii group also studied® the conversion electron spec- 
trum of Lu separated from Hf, originally produced by the spallation reaction on 
tantalum. The authors attribute the observed conversion electrons, corresponding 
to y-rays of 26.7, 65, 75.8 and 90.6 kev energy, to Lul7l, Finally, the group 
investigated® coincidences between the conversion electrons formed in the decay 

of Lut7l and deduced the existence of 75.8 & 90.6 kev and 75.6 & 181.7 kev y- 
cascades. 

The Lut71 activity investigated in the present work was obtained as a result 
of bombardment of a tantalum target with fast protons. The rare earth elements 
were first separated from the tantalum target chemically and then the lutetium 
was separated from the rare earth elements by the ion exchange procedure. 


N, pulses/sec 


100 10 
a 50 700 500 7000 1500 
179) E hex 
y-spectrum of Lu r 


The principal activity in the source material obtained belonged to Lul69,170, 
In decaying Lul§9 converts to Yb159, which in turn with a period of ~30 days de- 
cays to Tml69, The period of Lul69,170 is about 2 days. To separate the luteti- 
um from these isotopes, the material was stored for about a month and then chroma- 
tographically purified to remove the Yb. The produce obtained in this manner con- 
tained primarily only Lu decaying with a period of about 8 days. No appreciable 
amounts of any other radioactive material with a different period were present 
in the source. The y-spectrum was investigated by means of a scintillation spec- 
trometer. The recorded spectrum was resolved into components by the procedure 
described by Maeder et al?, The experimental spectrum is shown in the accompany- 
ing figure; the energies and relative intensities of the y-lines are listed in 
the table. The 1250 and 1500 kev y-lines lie in the region of low sensitivity of 
our instrument, hence we could not evaluate their relative intensities. 

The 450 and 550 kev y-lines lie in the region of the Compton tail associated 
with the strong 650 and 730 kev y-lines; hence the listed energies and intensi- 
ties of the 450 and 550 kev y-rays are only approximate. The 75 kev y-line is 
located on the side of the strong characteristic radiation line. To evaluate the 
relative intensity of this line the spectrum was recorded through a 1.2 g/em2 


Energies and relative intensities 


of y- and x-rays from Lui 71 
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copper absorber; as a result the relative in- 
tensities of these lines became comparable, 
which made it feasible to resolve the total 


lrelative line into components. 
BRET EK WREY, _|intensity Two peaks were obtained in recording the 
Refs. 2,3 Refs.4,5 Our data soft part of the y-ray spectrum by means of 
the scintillation y-spectrometer: a principal 
Pa 26.7 20 Fr peak corresponding to the energy of the inci- 
2: 65 i dent y-rays and a secondary, side peak shifted 
— 79,8 es 4 he 1 ide relative to the princi- 
% for 90 > to the low energy side ativ pr 
180 184 180 7 pal one. The peak due to the 20 kev y-line 
300 = 270 4 is superimposed on the side peak due to 52 
480 ayes aut : x-rays. In order to separate these peaks we 
SS pie TAOS gen T — recorded the y-ray spectrum through a copper 
730 - 730 J absorber 0.4 g/cm? thick. Such an absorber 
aoe ee ay a! completely stops the 20 kev 7y-rays but only 
1100 — 1050 24 partially absorbs the 52 kev x-radiation. 
5 ee Be Zz The multipole order assignments deduced 


in Refs.4 & 5 for the 75.8, 90.6 and 181.7 
kev 7y-transitions are E2, E2 and a mixture 
of Ml + E2 or E2 + M3, respectively. Taking 


the values of the internal coefficients from Refs.8 & 9 and the relative conver- 
sion electron intensities from Ref.4, we can calculate the relative intensities 


of the corresponding 7-rays. 


The relative intensities of the 65 + 75.8, 90.6 and 


181.7 kev y-rays evaluated in this manner proved to be in good agreement with 
our experimental values. 

We desire to thank G.V.Gorshkov, in whose laboratory the present work was 
performed, for his interest and valuable advice and A.N.Murin for making avail- 
able the lutetium source. 


"v.G.Khlopin” Radium Institute, 
Academy of Sciences of the USSR 
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NEW DATA ON THE RELATIVE INTENSITIES OF THE Y-LINES OF RaC 
IN EQUILIBRIUM WITH ITS DECAY PRODUCTS 
- B.S.Dzhelepov, N.N. Zhukovskii, I.F,Uchevatkin & S.A. Shestopalova 


Introduction 


Investigations show that the y-spectrum of radium C is extremely compli- 
cated. One cannot explain the entire distribution of experimental points solely 
by the earlier known and clearly discernible new y-lines recorded for this act- 
ivity. Resolution of the spectrum obtained in our previous measurements1 brought 
out the existence of a number of new low intensity lines. 

For the purpose of verifying and revising the data of Ref.l on the relative 
intensities of RaC y-rays, we again investigated its spectrum on the Radium In- 
stitute Elotron2. The instrument was converted to the separate vacuum regime; 
the spectrometer chamber was pumped continuously, while the counters were filled 
with a mixture of 60% argon and 40% methane at a total pressure of 100 mm Hg. 
This lowered the background and enhanced the resolution of the instrument. Un- 
der these new conditions, the width of the Compton lines at helf-heights is 3.0% 
at 400 kev and 1.5% in the energy region from 1500 kev up. The source was 2 
grams of radium in the form of RaBro. The size and shape of the source were 
the same as in Ref. 1 (stack of angled ampoules partially filled with RaBro). 


Results 


The experimental spectrum is shown in Fig.1. The solid points give the 
background, i.e., the number of counts with the target out of the beam. The 
experimental background points fall so that they can readily be replaced by 
two straight lines; these were fitted by the method of least squares. After 
subtraction of the background, the spectral curve was resolved into standard 
shape components. The standard line shape was determined on the basis of measure- 
ments of the following single lines: Aul98 411.8 kev, Csl37 661.6 kev, Co691171.5 
and 1331.6 kev, Na24 1367.9 and 2753.5 kev and ThC" 2614.3 kev. 

The resolution procedure employed was the same as in Ref.1, namely, the more 
intense 352.0, 609.3, 768.7, 934.8, 1120.4, 1378.2, 1509.3, 1764.4 and 2204.2 kev 
lines were used as the energy references. The energy values were taken from the 
work of Mladjenovic & S14tis3. As regards the weak lines, when their position 
coincided with that given by Mladjenovic & Sl4tis, we retained this value as the 
most accurate one. In the absence of coincidence, the energy was determined with 
reference to our calibration curve, i.e., with reference to the above listed 
lines. The component intensities were evaluated and adjusted so as to assure 
best consistence with the distribution of experimental points. 

The results of resolution of the different sections of the spectrum are 
shown in Figs.2,3 & 4. Fig.2 shows the section of the spectrum from ~150 to 
630 kev. This is the first time the spectrum below the 609 kev line has been 
investigated by observing recoil electrons. In addition to the well-known 241.9, 
295.2 and 352.0 kev lines of radium B, one can readily distinguish the "excess" 
of recoil electrons near the 295.5 kev line. The resolution shows that this ex- 
cess has a maximum near 285 kev. In Ref.3, among the unidentified lines are 
lines Nos.43,44,45,46,59,60 & 62. If they are assumed to be the K and L conver- 
sion electron lines of RaC, then we obtain 273.2, 273.9, 277.6 and 281.5 kev for 
the y-line energies. Probably these lines in conjunction are responsible for 
the noted “excess”. 

It will be seen from Fig.2 that between the intense 352 and 609 kev lines 
there is a series of closely spaced less intense y-lines. Some of these can be 
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Fig.l. Experimental y-spectrum of RaC in equilibrium with its decay products. 


Solid points - background. 


found among the unidentified 
lines listed by Mladjenovic 
& Slatis; these are lines 
Nos.68,70,77,78 & 79. If 
we identify them as being 
due to the K conversion elec- 
trons from radium C, we ob- 
tain energy values of 386.8, 
388.9, 466.7, 471.2 and 
484.6 kev for the correspond- 
ing y-lines; some of these 
coincide with those observed 
by us and shown in Fig.2. 
The resolution in the 
section of the spectrum ex- 
tending from 630 to 1810 kev 
is shown in Fig.3. In Ref.1l 
we made an attempt to ex- 
plain the excess of recoil 
electrons between the 609.3 
and 768.7 kev lines by the 
presence of lines having 
energies of 652.4, 660.9 
and 703.2 kev and noted a 
rise in the region of 720 
kev. In Fig.3 in this re- 
gion one can clearly discern 
a line of 666 + 7 kev energy 
and find evidence for lines 
at 703.2 and 721 + 7 kev. 
In the present investigation 
we did not detect the 652.4 
kev line. After plotting 
of the above mentioned lines 
there becomes evident a 
small excess of recoil elec- 
trons in the vicinity of 
740 kev. On the high energy 
side of the 768.7 kev line 
there are three lines with 
energies of 787.1, 806.3 
and 837 + 5 kev. In the 
investigation of Ref.1 in 
this region we observed ex- 
cess which was attributed 
to 787.1, 806.3 and 821.3 
kev lines on the basis of 
identification of the lines 
found by Mladjenovic & 
Sl4tis. Our new curve sub- 
stantiates the existence 
of the first two lines, but 
the third line apparently 
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Fig.2. Resolution of the 150 to 630 kev section of the Ra y-spectrum. Ny - nun- 
ber of coincidences per minute with background subtracted. 


has an appreciably higher energy than originally estimated. 

In Ref.1 we drew attention to recoil electron excesses in the 840-890 and 
960-1040 kev regions. In these regions we discovered new y-lines with energies 
of 885 + 10, 960 + 5 and 1050 + 10 kev. 

In Fig.3 there is also clearly evident a line having an energy of 1541 + 5 
kev which so far has not been detected by observation of conversion electrons. 

In this investigation we did not notice any broadening of the 1764.4 kev 
line and consequently have no further evidence for the 1783.8 and 1790.7 kev 
lines mentioned in Ref.1l. 

Fig.4 shows the section of the spectrum from 1780 to 2530 kev. The peak 
at the position of the well known 1848.5 kev line differs in shape from the 
standard line: it is somewhat wider and has a flatter slope on the high energy 
side. After allowing for the maximum possible intensity of the 1848.5 kev line, 
we found an excess of electrons with a maximum at about 1860 kev. We believe 
that this excess can be explained by the presence of an 1862.3 kev linel, The 
existence of the 1900 kev y-line detected in Ref.1 was substantiated in the 
present investigation. In the region of 2016.7 and 2090 kev there is an excess 
of recoil electrons; as regards intensity, however, it is about 3 times lower 
than indicated in Ref.1l. 

The 2446 + 10 kev line proved to be somewhat wider than the standard line. 
The excess on the low energy side after plotting of the greatest possible intensi- 
ty of the 2446 kev line has a maximum in the vicinity of 2410 kev and an area ap- 
proximately 10 times smaller than under the 2446 kev line. 
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Fig. 3a. Resolution of the 630 to 1810 kev section of the Ra y-spectrum 
(low energy portion). 
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Fig. 3b. Resolution of the 630 to 1810 kev section of the Ra 7-spectrum 
(high energy portion). 
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Energies and relative intensities of the y-lines in the spectrum of radium 
in equilibrium with its decay products (200 to 2500 kev region) 


Ey» kev Relative intensities Ey, kev 

. N Be 

ace (Ref. 3) Dzhelepov et alt Our data 
lhe 239 ,6 _— \ 
2 241,9 —_ 20 242, 
3 258,8 - | 

y Zilcse — 

oe 273,9 -- 
6* 277,6 a 1,0 285-+10 
7* 281,5 — 
8 2002 —_ 
9* 304,0 = \ 3,6 295 
10* 348 ,5 — x 
11 352.0 = } 7,18 pa 
12° 386 ,8 “= Ae 
13* 388,9 -- est =e 
14 — -- ~0,15 ~4I7 
15 = = ~0)49 450-+10 
{6* 466 ,7 -= x 
a qn a: } ~0,19 465-+10 
18* 484 ,6 — 0,29 485-9 
19 ae = 012 50925 
20 <4 ae OF 535+10 
21 609,3 8,21 8,96 609 
22* 652 ,4 0,50 = pass 
Z3* 660,9 0,4 666+-7 
24* 703 ,2 0,28 25 703 
20 — — 8 lis: 721+7 
26 — — ~0,07 ~740 (excess) 
a4 768 ,7 1, 08 104 769 
28* 787,1 0,25 0,23 787 
29* 806 ,3 0,34 0,29 806 
30* S2he3 Oa15 0,17 837-+8 
31 om ae 0,07 885-10 
32 934,8 0),74 0,62 935 
33 — a 0,09 960-45 
34 = ee 0:10 1050+ 10 
35 1120,4 2,95 3,16 1120 
36 AO 0,45 0,34 1155 
37* (OTE O00 0,11 4207 
38 1238 ,3 1,14 4,15 1238 
39 1281 ,3 0,33 0,32 1281 
40 137852 0,89 0,94 1378 
4i* 1385 ,3 
42* 139154 
43* 1396 ,5 
44% 1401.7 0,88 eve 1403+7 
45* 1408 ,0 
46* 1438 ,0 
47 1509 ,3 0,54 0,42 1509 
48 _— — 0,16 1541-++5 
49* 1582 ,9 22 0,24 1583 
30* 41605, 2 0,07 0,07 1605 
o1* 1668 ,4 0,10 0,20 1668 
D2 1728 ,3 0,34 0,45 1728 
53 1764,4 Dwlo S42 1764 
04* 1783 ,8 0,58 —~ oo 
Jo* 1790,7 0,16 — — 
56 1848,5 Oe20 0,39 1848 
ou 1862,3 |, 0,29 0,15 1862 
58** 1900 0717 0,08 1900410 
59 2016,7 0,06 ~0,02 2017 (excess) 
60** 2085 0,08 ~0,02 2090 (excess) 
64 Ply a(9) 0,27 0,26 ART 
62 2204 ,2 1 1 2204 
63** 2290 0,07 0,08 2297-+10 
64 — — ~0,03 2410 (excess ) 
65** 2450 0,36 0,30 2446-+-10 


- 841 - 


Ro 


| 
? 
2446 
27 ' 
| 


Hp, GS: cH 
Fig.4. Resolution of the 1780 to 2530 kev section of the Ra y-spectrun. 


Rutherford et al* detected a 2513 + 5 kev excited level in RaC'; hence one 
might expect the appearance of a y-line of 2513 kev energy. The 2513 point is 
indicated by an arrow in Fig.4. If this line does exist, its intensity is less 
than 4-1074 photons per disintegration. 

To find the relative intensities we determined the areas under each compon- 
ent, reduced to equal Hp intervals. Then we made appropriate corrections for 
the efficiency of the counters in detecting electrons of different energies, for 
self-absorption in the source, for absorption in the walls of the instrument and 
for the spectral sensitivity of the spectrometer. It was assumed then that the 
line intensities are proportional to these corrected areas. 

The results are listed in the accompanying table. The energy values listed 
in column 2 are those given by Mladjenovic & s14tis?. The lines marked with an 
asterisk were found among the unidentified conversion lines in Ref.3 and identi- 
fied by us as K (or in some cases L) electron conversion lines of RaC. Line 
energies identified by two asterisks are values determined in the measurements 
of Ref.1. 

The relative intensities listed in column 3 are revised values (refinement 
over the tabular data of Ref.1): the 609.3 kev line is now plotted according to 
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the standard shape with the observed half-width (earlier the line shape was based 
on the assumption of a smooth energy dependence of the half-width); the minor re- 
visions in the intensity values for the other lines are connected with improved 
resolution. 

It will be evident from the table that the agreement of the present results 
with the earlier data is fairly good: intensities of the strong single lines 
agree within 7-10%. 

Graduate students F.A.Predovskii (Leningrad Polytechnic Institute) and N.A. 
Voinova (Leningrad State University) participated in the measurements; we take 
this occasion to thank then. 


"D. I.Mendeleev" All-Union Scientific Research Institute of Metrology 
"V.G.Khlopin" Radium Institute of the Academy of Sciences of the USSR 
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DETERMINATION OF THE NUMBER OF PHOTONS PER DISINTEGRATION OF Lat40 
- E.A.Khol'nova 


The procedure for experimental determination of the number of y-quanta per 
decay discussed in the present report is based on calorimetric measurement of 
the amount of heat evolved in the absorption of the B- and y-radiation emitted 
by the investigated isotope. Briefly, the procedure consists of the following. + 

Let us assume that the energies hy,, hy....hyv, and relative intensities 1, 
%...% Of all the y-rays of the isotopes under investigation are known from 
spectroscopic measurement. The relative intensities of the y-lines are the nunm- 
bers xy, of y-rays per disintegration divided by the number of y-rays per disinte- 
gration for the line whose relative intensity is taken as unity, i.e., 

CN tad ee it (1) 

The calorimetrically measured amount of heat Q, that is released by the in- 
vestigated isotope per second in the form of B- and y-radiation is related to 
the energy of the y-rays and the numbers of photons per decay by the following 
expression 


Q,=N, (Sm1,7, + £,); (2) 


where /V, is the number of decays per sec, Es is the mean energy of the B-spectrun 
and p, is a coefficient taking into account the fraction of y-rays absorbed in 
the y-calorimeter (in the case of complete absorption p, equals unity). 

Inasmuch as the numbers of photons per decay are usually not known, they 
can be expressed in terms of the relative intensities using Eq.(1); in this case 
Eq.(2) becomes 


0,=N, ("c >) iaipi + Es). (3) 


In this expression there are two unknown quantities, namely, NV, the activity 
of the source and 7, the number of photons per decay for the y-line whose rela- 
tive intensity is taken as unity. However, WV, can be determined by measuring 
with a B-calorimeter the energy given off by the source in the form of the kinet- 
ic energy of B-particles. Thus we obtain a second equation: 


Qa = Ny (E, + AE£,). (4) 


Here AZ, is the correction taking into account the absorption of y-rays in 
the thin walls of the B-calorimeter. 

Solution of these two equations gives us the number of quanta per decay 
for the line whose relative intensity is taken as unity. The numbers of photons 
per decay for all the other lines can then be found from (1). 

We used the outlined procedure for determining the numbers of photons per 
decay in the case of Lat40, In our work we used the energies and relative in- 
tensities of the y-lines obtained by Prokhodtseva & Khol'nov? on the Ritron. 

In calculating the mean B-particle energy we used the Lal40 g-spectrum obtained 
by Dzhelepov et al% on the Leningrad State University Ketron. 

Having measured (on the All-Union Scientific Research Institute of Metrology 
calorimeters*) the amount of heat given off by the Lal40 source in the form of 
6- and y-radiation and utilizing the above mentioned spectroscopic data, we found 
that the number of y-quanta per decay for the most intense 1597 kev y-line, 
whose intensity is taken as unity in evaluating the relative intensities”, equals 
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Table 0.95. Using this value and the 
Relative intensities and numbers of 7Y-rays available relative intensity data, 
per decay in the radiation from Lal40 we determined the numbers of photons 
per decay for all the other y-lines. 
a a = emt rote, oe ue The results are listed in the third 
ergy, kev | intensity ae dec column of the accompanying table. 
(Ref.2) |(Ref.2) our data We then used these data for 
para wie calculating the total energy per 
- Mie Ages: disintegration. Taking the products 
494 0.42 0.40 of the energy by the number of cor- 
748 0,034 0,432 responding y-rays per decay and 
815 0,196 0,186 . 
868 0/053 07050 summing over all the y-lines, we 
923 0,096 0,094 found the energy released per dis- 
pets aor Poon integration in the form of y-rays. 
2515 0,03 0,035 The computed value was 2200 kev. 
2890 0 ,0008 0 ,0008 We determined the analogous 


quantity for the B-radiation using 

the resolution of the La!40 g- 

spectrum into components given by 
Peacock, Quinn & Oser°. Knowing the relative intensities of the B-components 
and their end-point energies, we found that the total energy of the B-particles 
on the average per disintegration equals 1310 kev. From this the total disinte- 
gration energy is found to be 3510 kev, i.e., about 300 kev lower than follows 
from the available decay schemes. 

This gives reason to infer that the relative intensities of the B-components 
given by Peacock et al and used in our calculations are inaccurate. Presumably, 
the soft B-components are somewhat less intense than indicated by Peacock et al. 

This, however, does not affect the accuracy of determining the number of 
photons per decay inasmuch as in determining these we did not make use of the 
resolution of the B-spectrum. 

The writer desires to thank L.P.Timofeeva who participated in some of the 
measurements and in the computations. 


"y.I.Mendeleev" All-Union Scientific Research Institute of Metrology 
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DETERMINATION OF THE L/K RATIOS FOR Dy!99 anp Er165 any EVALUATION 
OF THE Dy159-»pph159 anp ErlS5-+40165 PRANSITION ENERGIES 
- 0.1.Grigor'ev, B.S.Kuznetsov, N.S.Shimanskaia & I.A.Iutlandov 


Introduction 


The disintegration energy €5 of radioactive isotopes undergoing electron 
capture can be determined in different ways. 

1. In the presence of competing Bt-decay, the value of € 9, which in this 
case is greater than 1 Mev, may be obtained from the data on the end-point energy 
of the positron spectrum and in the case of transitions to excited levels from 
the data on the energy of the corresponding y-rays. Use of this method is pre- 
dicated on having detailed information on the decay scheme of the isotope. 

2. The disintegration energy €9 of an isotope with mass number A and atomic 
number Z, decaying by K capture, can be determined from the experimentally found 
value of the threshold of the (p,n) reaction on the isotope with the same mass 
number and atomic number Z - l. 

3. The transition energy for a given type radioactive transformation can, 
in some cases, be determined on the basis of the energy relationships in so- 
called "closed cycles”. In such calculations use is made of the energy of the 
Q, B and 7y-radiations of the isotopes comprising the cycle and sometimes - for 
example, in the case of K40 - of mass spectroscopic data as well. This method 
has been successfully used for evaluating the disintegration energy for a number 
of K capture isotopes, primarily isotopes lying near the end of the periodic 
table. 

4. The end-point energy of the internal bramsstrahlung spectrum accompany- 
ing electron capture also give the energy €, of the transformation. This method 
can readily be used in the case of "pure’’ K capture when the decay goes directly 
to the ground level of the final nucleus and consequently y-radiation is absent. 
If, however, the decay scheme is more complicated and there occur transitions to 
different excited levels of the daughter nucleus, this method is applicable only 
in rare cases when the energy of the transition to the excited level appreciably 
exceeds the energy of this level (Cr°l - Ref.1 & Sbl19 - Ref.2). 

5. Finally, there is one other method peculiar to electron capture for de- 
termining the transformation energy from the ratio of the number of L captures 
to the number of K captures. It is known that in the decay of radioactive iso- 
topes by orbital electron capture, in addition to capture of K shell electrons 
there is always a finite probability of capture of electrons from the L shells. 
The existence of L capture was first proved experimentally by Pontecorvo, Kirk- 
wood & Hanna? 1948-9 for the case of A937, although the phenomenon was predicted 
some years earlier by Marshak4, Marshak, who derived a general formula for the 
lifetimes of nuclei decaying by orbital electron capture, established that the 
relative probability of L capture increases with increasing Z of the disintegrat- 
ing nucleus and decreasing transition energy €,. For allowed transitions the 
ratio of probabilities of L and K capture is given by the expression 


hem (4) (14) (St), (1) 
EN gic yb Wah Ek 

where the first factor (g,7/g?) characterizes the ratio of Ly and K shell electron 
densities on the nuclear surface. 

The magnitude of this ratio and its variation as a function of Z were cal- 
culated by Rose & Jackson? who give the curve reproduced in Fig.l. Their calcu- 
lations were carried out by means of relativistic wave functions computed by 
Reitz for medium and heavy elements (Z > 20; curve 1) and Hartree self-consistent 


field wave functions for light elements (Z < 30; curve 2). 
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Recently, the Rose-Jackson calculations 
have been refined by Zyrianova, Band & Suslov® 
who took into account finite nuclear size and 
the presence of orbital electrons. The wave 
functions used in their calculations were 
found by the method of numerical integration 
of the Dirac equation. The results of Zyrian- 
ova, Band & Suslov are very close to those of 
Rose & Jackson for the entire range of vari- 


ation of Z. 
a 20 40 60 60 100 The second factor in Eq.(1) takes into 
Z account the probability of capture of elec- 
Fig.l. Ratio of Ly and K shell trons from the Ly; shell; this, even in the 


electron densities at the nuclear region of heavy nuclei, in the case of allow- 
radius vs Z. Curve 1 computed by ed transitions does not exceed a few percent. 


means of relativistic wave func- Marshak gives the following approximate ex- 
tions with a Thomas-Fermi field pression for the ratio of L and Ly shell 
plus exchange; curve 2 computed electron densities at the nuclear radius: 
by means of Hartree self-consist- fy. mee Ri py Diya 

. II « ’ 
ent field wave functions. ( ti, = 5 (ag) (2) 


More precise calculations carried out by Zyrianova, Band & Suslov yield 
somewhat lower values than given by Eq.(2) for Lyz/Ly in the region of large 
Z. Thus for Dy, the fraction of Ly; captures according to Zyrianova et al am- 
ounts to 4.5% instead of 3.7% as given by Eq.(2). 


sh NAD 

sit Sl) is determined by the transition ener- 
ey tL, 

Sy €o and E,, and Ex the electron binding energies on the L and K shells, which 
are known with good accuracy. 

In the case of forbidden transitions (except for first forbidden transitions 
involving a change in parity and either no change or a change of one unit in angu- 
lar momentum) , one cannot directly make use of Eq.(1) for determining the transi- 
tion energy. The theory of orbital electron capture for forbidden transitions 
has not been developed to any extent. In most cases it appears impossible to 
state explicitly, as a separate factor in the probability equation, the unknown 
value of the matrix element determined by the nuclear wave functions. In addi- 
tion, inasmuch as forbidden capture may occur from all three L subshells, one 
must take into account the probability of Lyyy capture, which also presents con- 
siderable difficulties. Robinson & Fink’ in their review article give the re- 
sults of an unpublished work by Brysk & Rose® in which the latter calculated 
the relative probabilities of electron capture from all the subshells for four 
cases of forbidden transitions characterized by AI = +2, yes. The values of L/K 
obtained for K40 | cal , Ni°? and T1204 show an appreciable increase in the value 
of this ratio in the case of forbidden transitions of this type. 

The "L/K ratio" procedure has been used by a number of authors for deter- 
mining disintegration energies. Specifically it has been used for determining 
the decay energies of K#0(Ref.9), cal99 (Ref.10), 1425 (Ref. 11), Tal?9 (Ref.12), 
wi81 (Ref.13), Ost85 (Ret.14), Aul95 (Ref.15) and a number of other isotopes. 
Unfortunately, only in a few cases has it been possible to carry out a compari- 
son of the disintegration energy evaluated by the L/K ratio method with the 
value of €, determined by some other reliable procedure. The divergence between 
the respective values of €9 found for K29 (Ref.9), Kr79 (Ref.16) and Pal03 (Ref.17) 
may be explained, on the one hand, by inaccuracy in the L/K calculations in the 


The third, “energy factor" ( 
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case of forbidden transitions* and, on the other hand, by errors inherent in the 
experimental determination of the L/K ratio, errors which are particularly dif- 
ficult to avoid in the case of complicated decay schemes. The latter reason is 
probably the more important one. Experimental determination of L/K is in fact 
connected with serious difficulties due, first, to the low energy of the detected 
radiation, and,second, to the uncertainty in the assumed values of certain con- 
stants (primarily the L fluorescence yield) characterizing the process of rear- 
rangement of the electron shell incident to electron capture. 

Obviously, in the simplest case, when the electron capture in a nucleus with 
atomic number Z goes to the ground level of the nucleus with Z - 1, for determin- 
ing the number of L and K captures one can measure the intensities I;, and Ix of 
L and K x-radiation. The value of L/K can then be determined from the equality 


L/K = -=*—nx., (3) 


where ©, and @, are the fluorescence yields from the K and L shells and nx; is 
the number of vacancies in the L shell arising incident to filling of the vacan- 
cies forming in the K shell. 

If, however, the electron capture goes to excited levels of the final nucle- 
us and is accompanied by y-radiation, in calculating L/K one should take into ac- 
count the L and K x-radiation accompanying the y-ray conversion. This is parti- 
cularly difficult to do in the case of intense and strongly converted 7-radiation. 
In a number of cases it has proved possible to determine L/K by measuring coinci- 
dencesl9 and working with the source located inside the radiation detector. 

In addition it must be borne in mind that the L/K ratio method can be used 
for determining the transition energy only in a rather limited region of relative- 
ly small values of €5. Thus it will be evident from Eq{1) that at high transi- 


Sta) approaches unity and the value 
eo t+ EH, 

of L/K becomes constant for the given isotope regardless of the disintegration 
energy. Fig.2 shows the variation of L/K as a function of €, for dysprosium 

(Z = 66) calculated by us by means of Marshak's formula. It will be evident 
from the curve that only at transitions energies smaller than 200 kev one can 
make use of the experimentally determined value of L/K for determining the trans- 
ition energy. At higher energies even a minor error in determining L/K results 
in a large error in the value of €,. 

*Recently Daudel & Odiot18 showed that in theoretical evaluation of L/K one 
must take into account the correlation and the position of the atomic electrons. 
This effect, which in the case of most K-capture nuclides can be neglected, may 
play a significant role in the case of light elements (Z < 30). Thus, for ex- 
ample, in the case of Be’ (Zz = 4), it results in a three-fold increase of the 
ratio L/K as compared with that calculated by Marshak's formula; in the case of 
A37 (z = 18) the increase amounts to about 25%. 

**In the case of a complicated decay scheme, when the electron capture may 
go both to the ground level of the final nucleus and to some of its excited lev- 
els, the L/K ratio will obviously be different for transitions to different ener- 
gy levels and will have a value corresponding to the transition energy given by 
the difference between the disintegration energy of the isotope and the energy 
of the given level. Hence if, for example, on the basis of y-radiation data for 
the isotope one may expect to have a large disintegration energy €9, one can at- 
tempt to determine €, accurately by measuring L/K and the transition energy cor- 
responding to electron capture to the higher lying energy levels where one can 
expect low transition energies. 


tion energy values the "energy factor” ( 
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On the contrary, at low energies, i.e., ener- 
bah gies close to the K shell binding energy, the L/K 
600 ratio naturally strongly depends on the transition 
energy so that even with a considerable uncertainty 
in determining L/K the value of the transition 
energy is obtained with good accuracy. 


a Thus it may be said that the L/K ratio pro- 
cedure is promising and convenient for determin- 
ing the energies of low energy transitions (< 200 
200 kev in isotopes with a relatively simple decay 
scheme in the absence of strongly converting cas- 
cade y-radiation. The application of this method 
7] ? Z & is at present limited, on the one hand, by the 
crude state of electron capture theory and, on 
Fig.2. Transition energy the other hand, by the inadequacy of our informa- 
Ey vs L/K for Dy isotopes tion on the qualitative and quantitative regulari- 
(Z = 66). ties characterizing the process of rearrangement 


of atomic electron shells. 
In the present work we determined the L/K ratio for two neutron-deficient 
rare earth elements: Dy159 and Er165, On the basis of the L/K values obtained, 
we evaluated the energy of the Dyl59-—Tb159 and Erl65-+H0165 transitions. 


Experimental Equipment 


For measuring the energy and intensity of the L and K x-radiation of the 
investigated isotopes we used a y-spectrometer with a proportional counter. The 
proportional counter technique29 allows of measuring y- and x-radition of very 
low energies (of the order of a few hundreds or even tens of electron volts), 
i.e., in the range of energies not susceptible of measurement by other techniques. 

The resolution of spectrometers of this type is not high. It is appreciably 
lower than the resolution of modern magnetic and crystal y-spectrometers. It 
must be borne in mind, however, that instruments of the latter type require an 
appreciably stronger activity (than proportional counters) and their employment 
in the low energy region (< 50 kev) is hampered by practical difficulties. 

In the ~50 kev region the resolution of a proportional counter is comparable 
with that of a scintillation spectrometer and is appreciably higher in the region 
of still lower energies. Thus, for example, for a ~10 kev line the relative half- 
width obtained by means of a proportional counter is 12-13%, whereas the half- 
width for a scintillation counter is greater than 50%. 

In recent years proportional counters have been successfully used by a num- 
ber of Italian and French physicists not only for investigating soft y-radiation 
from radioactive isotopes but also for studying K capture and in particular for 
determining L/X. 


Counter and experimental geometry 


The proportional counter used in our measurements had a cylindrical alumin- 
um cathode. Its inside diameter was 8.7 cm; the effective length was about 40 cm. 
At the ends, the counter was covered with circular plexiglass plates with appro- 
priate annular recesses for rubber gaskets. The central electrode, to which the 
high positive voltage was applied, was a 100 y diameter tungsten filament which 
was thoroughly cleaned decontaminated and polished beforehand. 

The counter has a side window consisting of a ~2 cm diameter beryllium disk 
with a superficial density of 148 mg/em?, The purity of the beryllium was checke 
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spectroscopically. The counter was filled with a mixture of argon and methane, 
usually in the proportion of 9 to 1 at a pressure of about 1 atmosphere. The 
gaseous mixture was purified beforehand by passing it through calcium heated 
to 300°. 

The present experiments were made with an external source (see Fig.4) which 
was mounted in a special holder at a fixed distance h from the beryllium window. 
In most of the measurements described below this distance h was about 4 cn. 

Inasmuch as 7y- and x-radiation of more than 20-30 kev energy could pass 
through the 4 millimeter aluminum walls of the counter, a special lead collima- 
tor was introduced between the source and the counter. To eliminate the charac- 
teristic radiation of lead, the collimator was lined successively with layers of 
cadmium, copper and aluminum. The counter was surrounded with lead shielding 
to minimize the background. 


Counter efficiency 


The efficiency of the counter for detect- 


9g, 
a ing y- and x-radiations of different energies 
was calculated on the basis of the known coef- 
280 ficients of absorption in argon and berylliun, 
(Ref.21) taking into account the specific geo- 
G60 metry of the experiment. In view of the size 
Bie of the sources (dg < 5 mm) and the source to 


counter distance h used in the experiments, 
0.20 it was feasible to use the formulas given by 
Bisi and Zappa22 for calculating the counter 


0 efficiency. The calculated curve character- 
ee ate izing the variation of the counter efficiency 
Fig.3. Variation of the counter as a function of the radiation energy is 
efficiency as a function of the shown in Fig.3. In reducing the experimental 
Yy-radiation energy. data we also took into account absorption 


from the radiation in air, which for soft 
radiation could be appreciable (8% for the Dy1l59 Iq, line (6.3 kev) with h = 
= 4 cm). 


Electronic circuit 


The pulses from the counter were applied through a high voltage capacitor 
to the grid of the first tube of the preamplifier which was mounted on one of 
the end surfaces of the counter. The amplification factor of the preamplifier 
was 20; the noise level - 35 uv. The main linear non-jamming amplifier had a 
maximum amplification coefficient of 4-104, the pulse rise time was<0.3 micro- 
sec. The pulses were shaped in the amplifier by means of a differentiating RC 
network with a time constant of 2.2 microsec. The amplifier incorporated a 
"flattener" which allowed of obtaining pulses with a flat top without altering 
their amplitude; this made for better analysis of the pulses by the pulse height 
analyzer. A somewhat modified SV (CB) "Kashtan" type unit was used as the one- 
channel differential analyzer. Usually the spectrum was recorded semiautomatical- 
ly by means of an EPPV-51 recorder. Adjustment of the lower threshold of the 
analyzer discriminator, determining the position of the gate, was realized by 
means of a potentiometer coupled with the strip-chart feed mechanism of the re~ 
corder. The pulses from the analyzer were fed into an integrator; the de output 
voltage - proportional to the number of pulses - was applied to the input of 
the recorder amplifier. 
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A high voltage VS-10 (BC-10) unit 

was employed to supply the requisite 
stabilized high potential (usually 
~3000 v) for the counter filament. 
The voltage drift over a period of 8 
hours operation was less than 0.02%. 
A block diagram of the experimental 
set-up is shown in Fig.4. 


Calibration of the instrument 


The equipment was calibrated in 
the range from 2 to 55 kev by means of 
radioactive sources emitting 7y- and x- 
radiation of known energy: Crdl, Fe, 
zn§5, Ge71, ge75, gnl13, ¢s137, Rap 
and others. We checked the linearity 
of the energy dependence of the pulse 
heights and determined the resolution 
for different energy regions and dif- 


Fig.4. Diagram of experimental set-up: 

1) preamplifier (k = 20), 2) linear 
amplifier (k = 4-104), 3) pulse height 
analyzer, 4) integrator, 5) scaling 
circuit (1:2048), 6) mechanical register, 
7) EPPV-51 recorder, 8) high voltage 
supply unit, 9) collimator. 


, I, arb. units ferent counter gas pressures and 
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NY K x-rays A K x-rays mixtures. 
. 4.95 kev pita Fig.5 shows the spectra of 
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the x-radiation accompanying the 


bT du 6. > decay of Cr®! (4.9 kev), Se’ (10.5 
aces nO 113 169 
a o Bs kev), Sn (24.2 kev) and Yb 
‘ Ban cv ba bade (50.7 kev). In the case of crol 
Abs ek and Se?’5 one can clearly see the 
a : Dea so-called “escape peaks” due to 


the characteristic radiation of 


0 
d 20 se c v s LOPGT “GOESY argon not absorbed in the counter 
P a t2A.2 kev gas. The narrowest line half-width 


obtained with the counter filled 
5’ kev with A + CH, at_76 mm Hg pressure 
was 19% for Fe? (5.9 kev), 15% for 
Sn113 (24.2 kev) and 11% for RaD 


Tm K, x-rays 
% 50. : e 


4 4 (46.7 kev). Reduction of the gas 

2 2 pressure resulted in a noticeable 
improvement of the resolution in 

0 0 the entire region of the detected 

20 40 60 80V 205360 60 80 V radiation. 

Fig.5. Calibration curves. Spectra of x- 

rays atcompanying the decay of a - Crol Experimental Results 

(4.9 kev), b - Se75 (10.5 kev), c - Sni13 

(24.2 kev), d - Ybl69 (50.7 kev). Hori- Dy159 

zontal scale - pulse heights; vertical 

scale - radiation intensity. 1. The long-lived dysprosium 


isotope Dy!59 was first obtained 
in 1949 by Ketelle?3 by irradiation of a purified dysprosium sample with slow 
neutrons. Ketelle gives the value of 140 + 10 days for the period of this iso- 
tope; Butement24 found the half-life to be ~136 days and asserts that Dy159 
decays solely by electron capture, emitting only Tb L and K x-radiation. Cou- 
lomb excitation of Tb159 indicated the existence of rotational levels with 


=~ 85. = 


energies of 57 and 136 kev.25 Other energy 
levels of this isotope are known from studies 
of the wich of 18-hour Gd159 which also trans- 
forms to Tb+59 but by B--decay. 

The level diagram for Tb159, given by 
Dzhelepov & Peker26, is reproduced in Fig.6. 

2. The Dy159 source used in the present 
experiments was obtained from a tantalum tar- 
get bombarded with 660 Mev protons in the 
Joint Institute for Nuclear Research synchro- 
cyclotron. The measurements were performed 
an appreciable time after separation of the 


Ip "7 dysprosium fraction when the short-lived 
gb activities had virtually died out. 
One of the experimental x-ray spectra 
Fig.6. Dye decay scheme and obtained for Dyl59 is reproduced in Fig.7. 
Tbt59 level diagran. Clearly in evidence are the Tb L and K x- 
radiation peaks with energies close to the 
sh values of LQ] and Ka, for this element (6.3 
} L x-rays and 44.5 kev). The small peak (rise in the 


right side of the K x-ray line) is apparently 
due to the KB, radiation of terbium (50.4 kev). 

From the ratio of the L and K radiation 
intensities, obtained on the basis of averag- 
ing the areas S under all the experimental 
curves and taking into account the counter 
efficiency at the respective energies, we ob- 
tained a value of 1.0 + 0.3 for the ratio of 
the number of L to K captures in Dy159 (see 
table). The ratio was calculated by means of 
Eqe(3), using the values indicated in the 
table for the K and L fluorescence yields 
and the number 7nxrz 

The large uncertainty in the deduced val- 
v ue of L/K is due partly to inaccuracy in de- 
Fig. 7. Dy159 x-ray spectrum. termining the areas under the experimental 

curves and evaluating the counter efficiency 

and primarily to the uncertainty as regards 
the L fluorescence yield w, which was taken equal to 15%. We picked this value 
of ©, from a curve drawn through the experimental points for @, obtained by dif- 
ferent authors on the basis of investigation of electron capture in different 
elements and recently summarized by Fink28.* 

*It is interesting to note that the results of Lay29, obtained by the photo- 
graphic technique, for the L shell fluorescence yield with excitation of the at- 
oms by x-rays are systematically higher than the values for the L fluorescence 
yield found in K capture studies. This fact, if we assume that there is no sys- 
tematic error in the work of Lay, may indicate that the L shell fluorescence 
yield depends on the method of excitation of the electron shell and that its 
value in general is lower in the case of nuclear excitation than in the case 
of x-ray excitation. 7,28 
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Values of the ratio L/K and the quantities used in calculating it 


Isotope SISK Illx OK [27] @L [28] KL [7] LIK | Eo, KEV 

7oti0 

Dy159 = yess 0.35 0,91 0.18 0,844 1,0-40,3 , 
Eris 22.0 | 0.40 | 0.92 | 0.17 | 0.834 | 1,240.4 | S 5 


3. The Dy159 nucleus, like its daughter Tb!59, belongs in the class of de- 
formed nuclei with odd Z. In this case it may be assumed that the ground state 
spin is determined by the angular momentum of the odd nucleon. According to 
the work of Mottelson & Nilsson3° and Peker3l on the spins of deformed nuclei, 
the assignments for the ground states of Dy159 and Tb159 are 3/24 and 3/2-, re- 
spectively (the 3/2- assignment for Tb159 has been substantiated experimentally). 
Consequently, the Dy159-—efh159 transition must belong in the class of first for- 
bidden transitions. 

Using Marshak's formula, we obtained 79th0 kev for the energy of this transi- 
tion (this, accordingly, is the value listed in the table and in the Dy159 decay 
scheme reproduced in Fig.6). The lowest (57 kev) level of Tb159 ig apparently 
not excited in the decay of Dy159, We searched for this line in the spectrum of 
Dy159 by means of a scintillation spectrometer: neither this nor any other 7- 
lines were observed. However, inasmuch as such soft radiation must be strongly 
converted (the theoretical K and L shell conversion coefficients for El radia- 
tion of this energy are ~1.5 and 0.3, respectively), to determine for certain 
whether this level is excited, it is desirable to perform L-L coincidence ex- 
periments, which we plan to do in the near future (the transition to the 57 kev 
excited level could obviously occur only by L capture). 

An evaluation of log ft, carried out on the basis of the deduced decay ener- 
gy €, = 79 kev and T = 136 days, yielded a value close to 6.2 for the Dy159-—> 
—9Tb1 59 transition. This according to the classification of King32 is consist- 
ent with the assumption of first degree forbiddenness for this transition. 


Erl65 


1. This erbium isotope was first dis- 
covered by Butement33 in 1950 in bombarding 
holmium with fast protons. The 10-hour activi- 
ty in the erbium fraction was attributed to 
Erl65, forming in the (p,n) reaction on the 
natural holmium isotope. Er165 was also ob- 
tained in irradiation of holmium with 10 Mev 
deuterons, apparently by the (d,2n) reaction. 34 
In one of the investigations34 of this isotope, 
there is mention of low intensity y-rays of 
220 and 1100 kev energy, presumably detected 
by absorption. Accordingly, Dzhelepov & 
Peker26 in their book give the decay scheme 


N/a” 
¥/2 
W2 


Fig.8. Erl65 gecay scheme: a) for Erl65 reproduced in Fig.8. According to 
location of level according to this decay scheme, the Er}65-4Hol65 transition 
Ref.26, b) location of level energy should be greater than 1.1 Mev. The 
according to our data. other levels of Hol§5 indicated in the decay 


scheme were found in investigating the 7- 
spectrum of Dy?95, 
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2. The Er!®5 sources used in our experi- 
N ments were also obtained by bombardment of 
tantalum with fast (660 Mev) protons. 

The erbium fraction was separated from 
the thulium fraction 1-2 days after separation 
of the latter from the bombarded tantalum by 
the ion exchange procedure. This fraction, 
as will readily be evident from an examination 
of all the erbium and thulium isotopes, con- 
tained only Er165 which is the daughter 
of 29-hour Tm165, The purity of separation 
from thulium was checked with reference to 
the most intense 200 kev y-line of Tm167 and 
by determining the period which was measured 
over five half-lives and found to be equal 
LO) 1065220. 5: hours: 

We carried out several series of x-ray 
measurements on different sources obtained 
Fig. 9. Erl65 x-ray spectrum. from tantalum targets irradiated for differ- 

ent lengths of time. One of the experimental 
curves obtained by means of the proportional counter is shown in Fig.9. The 
prominent features are the Ho K and L x-ray peaks (Kg) = 47.5 kev, Kp, = 53.9 
kev and Lq] = 6.72 kev). 

The intensity ratio I;,/Ix as determined by averaging the results of the dif- 
ferent series of measurements proved to be 0.40. Using this value and a, = 0.92 
(Ref.27), @, = 0.17 (Ref.28) and ngxp = 0.834 (Ref.7), we obtained L/K = 1.2 + 0.4. 

3. The Erl65-+490165 decay belongs in the class of allowed transitions inas- 
much as the spin of the Er155 ground state, according to Mottelson & Nilsson30 
and Peker31, must be 5/2-, while the assignment for HolS5 is 7/2-. Using Mar- 
shak's formula, we obtain on the basis of our experimental value for L/K, €, = 
= 82t10 kev for the energy of the Erl165-»y0165 transition. This low transition 
energy is consistent with the now definitely proved absence of y-radiation from 
Erl65, including the soft 94 kev and 122 kev y-radiation corresponding to excita- 
tion of first rotational levels with energies of 94 and 216 kev. The absence 
of 1.1 Mev y-rays follows not only from our search in this region by means of a 
scintillation spectrometer, but also from the deduced value of L/K. Thus if the 
decay scheme for Eri65 shown in Fig.8 (a) were valid and there occurred K transi- 
tions to the 1.1 Mev level, then, regardless of how low the fraction of branching, 
the transition energy for the principal branch would be greater than the above 
value and consequently the experimentally determined L/K ratio should be less 
than 0.14. The divergence between this value and that found by us for L/K lies 
far beyond the limits of the possible experimental errors. 

We calculated log ft on the kasis of the determined transition energy (€) = 
= 82 kev) and the period (T = 10.5 hours) and obtained log ft = 3.1, which is 
consistent with the above inference that this is an allowed transition. 
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Conclusions 


We found that in the case of Dy159 and Erl65 the decay energies are very 
small, i.e., less than 100 kev. As was emphasized above, in the case of such 
low transitions energies the "L/K ratio" method yields reasonably accurate re- 
sults for the transition energy even with a very rough determination of this 
ratio and, in the absence of y-radiation, is relatively simple from the experi- 
mental standpoint. 


The use of most of the other methods listed in the introduction, where Dyl59 
and Erl65 and other similar isotopes are concerned,is precluded either from the 
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standpoint of principle (methods 1 and 3) or from that of practice (method 4). 


It 


given in a recent contribution by Levy35 


is interesting to note that the empirical formula for atomic masses, 


energy of Dyl59 and a negative value for the decay energy of Er!65, Inasmuch 


as in 85% of the cases Levy's formula gives good agreement with the experimental- 
ly determined disintegration energies in the range to 250 kev, this may be regard- 


ed as a 


partial substantiation of the low energy values obtained by us for the 


transitions in question. 


'V.G.Khlopin" Institute, 


Academy 


of Sciences of the USSR 
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LIFETIME OF THE FIRST EXCITED STATE OF Mg24 
- N.N.Deliagin & V.S.Shpinel' 


Introduction 


The present investigation was concerned with measurement of the lifetime of 
the first excited (1.37 Mev) state of Mg24 by the method of resonance scattering 
of y-rays (nuclear resonance fluorescence). In recent years this method has 
been successfully used for measuring short lifetimes of excited nuclear states 
(10-10 sec and shorter). The resonance scattering cross section increases with 
increasing width of the excited level, consequently the range of application of 
this method is not limited on the side of short lifetimes. The first success- 
ful experiments were carried out in 1950 by Moon; subsequently, the method was 
developed primarily in the work of Metzger. The development and potentialities 
of the resonance fluorescence method is described in the review of Malmforsl 
and Dzhelepov?, which includes a complete vues 

The lifetime of the 1.37 Mev excited state of Mg 4 has been measured by 
Coleman? by the method of delayed coincidences. Coleman obtained a value of 
3.6-10-11 sec, which is twice the value corresponding to a single-particle transi- 
tion (Weiskopf formula). In 1956 the present authors” and Burgov & Terekhov® 
measured the resonance scattering of y-rays by Mg24, the y-ray sources used be- 
ing either solid compounds containing Na24 or their solutions. Although measure- 
ments with solid or liquid sources can only give a very rough evaluation of the 
lifetime, even these measurements showed that the lifetime of the 1.37 Mev state 
is substantially shorter than 10711 sec, In the work of Helm’, this lifetime 
was evaluated from the results of experiments on inelastic scattering of fast 
electrons and a value of ~1.9-10712 sec was obtained. 

In the present work we used a gaseous Na24 source for measuring the resonance 
fluorescence. 


1. Underlying theory 


For observation of resonance scattering of y-rays it is most natural to use 
as the y-source the radioactive isotope that decays to the nuclei by which the 
photons are scattered (for example, for excitation of the 1.37 Mev level of Mg 
one should use the y-radiation accompanying the Na24—»mg24 transition). However, 
even in this case,the energy of the incident (exciting) y-rays proves to be insuf- 
ficient for resonance excitation. In accord with the laws of conservation of 
energy and momentum, the photon, owing to recoil of the nucleus, loses part of 
its energy, i.e., an amount of energy equal to E2/2Mc? (E, is the y-ray energy 
and M is the mass of the recoiling nucleus). The photon loses an equal part of 
its energy in absorption (the scattering process); thus the total energy deficit 
is JE = ES/Mc?. Although this energy loss is relatively small (in the case of 
Mg24 it amounts to 84 ev), it is much greater than the width of the excited level; 
consequently, the resonance scattering cross section is reduced to a neglibly 
small value. 

The energy of the incident y-ray can be brought up to the resonance value by 
utilizing the Doppler effect. If the photon is emitted not from a stationary but 
from a moving nucleus, the energy of the photon is increased by an amount 


SE = E,— cos9, (1) 
c 
where V is the velocity of the nucleus and 7 is the angle between the direction 


of motion of the nucleus and the emission of the photon. If SE proves equal to 
E2/Mc2 the resonance condition will be restored. 


- 856 - 


The emitting nuclei can be brought into motion either mechanically or by 
heating the source to a high temperature. Such methods have been successfully 
used in the region of medium and heavy nuclei for small excitation energies. In 
the case of the Mg24 1.37 Mev level, these methods cannot be used inasmuch as the 
necessary mechanical velocities or temperatures lie outside the range of experi- 
mental feasibility. 

In the present work we used the method of cascade transitions® for increas- 
ing the energy of the exciting y-rays. In this case the nucleus is brought into 
motion through recoil incident to emission of a particle (B-particle, neutrino 
or photon) preceding the emission of the exciting y-ray. If the energy of the 
preceding radiation is sufficient, the energy of the y-rays will be increased to 
the resonance value. The total energy of the incident photon (taking into ac- 
count the recoil loss) will be 

ES ~ 
fle) ev Se si 


2,966 It follows from this equation that the 
incident y-rays will not be monoenergetic in 
the sense that their energy will vary as a 
function of cos d and the actual line width 
(the width of the “microspectrum' of the inci- 
dent y-rays) will substantially exceed the 
natural line width. The necessary condition 
for part of the y-rays to have an energy suf- 


ficient for resonance excitation is 


1,483 


£,-300 £,-200 £100 E, E +100 E,ev 


v>E,/ Me. (3) 
Fig.l. Microspectrum of inci- 
dent (exciting 1.37 Mev y-rays If this condition is fulfilled the reson- 
calculated on the basis of ance scattering cross section is given by 
scalar interaction in B-decay. the formula?; 
21 1 hc? 
o= ET gga l (Bo) (4) 


where J; is the spin of the excited and I, the spin of the ground state of the 
nucleus, I’ is the width of the excited level, /(£,) is the distribution-in-energy 
density of the incident y-rays in the microspectrum for the resonance energy Eo. 
Thus calculation of the cross section reduces in the given case to calculation 
of the microspectrum of the exciting y-rays, i.e., the function f(E). 

In the Na24-»Mg24 decay scheme the 1.37 Mev y-ray is preceded by the emis- 
sion of a 2.75 Mev y-ray and B-radiation with an end-point energy of 1.39 Mev. 
Hence condition (3) is fulfilled with an excess. The shape of the 1.37 Mev 7- 
ray spectrum will depend, in particular, on the spectrum of the recoil nuclei 
after B-decay, i.e., will be different for different variants of B-decay theory. 
Actually, however, the values of /(Ho) calculated on the assumption of different 
types of interaction in B-decay differ from each other by less than 3%. Taking 
into account y-y angular correlation alters the value of /(£o) calculated for 
different types of B-decay interaction by 1% on the average. Thermal motion of 
the nuclei in the given case has virtually no influence on the magnitude of /(£o) 


for the thermal velocities are much lower than the velocities of the recoil nuclei 


following B-decay and emission of the 2.75 Mev y-rays. Thermal motion can be ex- 
pected to have a noticeable influence only at the edges of the microspectrum. 

The microspectrum of the 1.37 Mev y-rays deduced on the assumption of scalar 
interaction in B-decay is shown in Fig.l. 
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Taking into account the uncertainty introduced by the ambiguity in speci- 
fying the type of B-decay interaction, the resonance scattering cross section 
for the given case,calculated by means of Eq. (4), is 


5 ax (1:93 + 0.04)-10-38 (5) 
Tv ? 


where tT is the lifetime of the 1.37 Mev state of Mg24 in seconds. 
2. Physical state of the source material 


The results obtained above will be valid only when the recoil nuclei have 
a sufficiently large collision time: specifically, the 1.37 Mev y-ray must be 
emitted by the moving recoil nucleus before it loses its velocity as a result 
of collisions with neighboring atoms. This condition is not fulfilled for a 
source in the solid or liquid state; in this case most of the 1.37 Mev y-rays 
will be emitted by nuclei that have already attained thermal equilibrium with 
the neighboring atoms in the source. Our knowledge of the collision processes 
in solids and liquids is insufficient for carrying out a precise calculation of 
the influence of collisions on the shape of the microspectrum of the exciting 
Y-rays; at most we can make only a rough evaluation. Hence for purposes of life- 
time measurements one must exclude this factor; this can be done by using a gase- 
ous source. In a gaseous source at a pressure of about 1 atmosphere virtually 
all the 1.37 Mev y-rays are emitted before the recoil nuclei lose their momentum 
through collisions. 

In some cases in lifetime measurements by the resonance fluorescence proce- 
dure an important factor is the nature of the chemical bonds in the compound 
comprising the source.® Gaseous sodium is primarily monatomic. With increasing 
temperature part of the sodium atoms combine into Nag molecules. However, the 
fraction of Nap molecules at a gas temperature of 800-900° is small; moreover 
the atomic bonding energy is low, while the energy of the recoil atoms is large 
(170 ev after emission of the 2.75 Mev y-ray). Hence in the present case we can 
neglect the influence of chemical bonds on the shape of the y-ray microspectrun. 


3. Description of the experiment 


The experimental arrangement is diagram- 
med in Fig.2. The scattered 7y-rays were re- 
corded by the NaI(Tl) crystal 1, having a 
thickness and diameter of 4 cm, and a FEU-29 
photomultiplier tube. The photomultiplier 
output pulses were amplified and applied to 
a differential discriminator. The detector 
was shielded from direct radiation from the 
source by the 35 cm high lead cone 3. The 
tip of the cone also served as the support 
of the nichrome oven (not shown in the draw- 
ing). The temperature was measured by means 
of a "pp" thermocouple held in contact with 
the steel container 4, housing the source. 
The source consisted of 20-30 mg metallic 


Fig.2. Experimental arrangement: sodium irradiated with slow neutrons in the 
1) NaI(T1l) crystal, 2) FEU-29 heavy water reactor of the USSR Academy of 
photomultiplier, 3) lead shield- Sciences. The activity of the source was 
ing cone, 4) container with 20-30 mC. After irradiation the sodium was 


source, 5) scatterer. placed in the steel container (volume 25 cm?) , 
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which was then tightly closed, evacuated and mounted in the nichrome oven. 

The scatterer was a magnesium ring 5 having a diameter of 44 cm, a height 
of 40 cm and a wall thickness of 1.2 cm. For comparison we used a similar scat- 
terer of aluminum. Particular attention was paid to stability of operation of 
the equipment: the scatterers were interchanged every 5 min to exclude the pos- 
sible influence of slow changes in the operation of the electronic equipment. 
The 10 volt gate of the differential discriminator was centered on the 1.37 Mev 
photopeak (the half-width of the photopeak was equal to 4 v). The arrangement 
precluded detection not only of Compton scattering quanta but also possible 
chance coincidences of two such quanta. The counting rates with the magnesium 
and aluminum scatterers were compared at room temperature and at temperatures 
in the range from 800 to 880°. At room temperature these counting rates were 
equal within the limits of the experimental error; upon heating of the source 
the sodium was vaporized and the counting rate with the magnesium scatterer in- 
creased due to resonance scattering. 

If the activity of the source is N, disintegrations per second, the reson- 
ance scattering counting rate is given by 


Ny = N,svde,SQx, (6) 


where vy is the number of Mg?4 atoms per 1 ems, d is the effective thickness of 
the scatterer, «, is the detecting efficiency for 1.37 Mev y-rays, S is the area 
of the detector, Q is a geometric factor and x is the fraction of the total 
mass of the sodium in the gaseous. state. 

The experimental geometry was computed by integration over the surface of 
the scatterer. Appropriate corrections were made for the angular distribution 
of the scattered radiation, for absorption of y-rays in the scatterer and for 
the geometric dependence of the efficiency. 

For determining the resonance fluorescence cross section the counting rate 
N,is compared with the counting rate when the source is located at a certain 
distance r from the detector. This counting rate is 


S 
N =N, (¢1 + £2) ee rore: (7) 


where «, is the detecting efficiency for 2.75 Mev y-rays. From Eqs.(6) & (7) 
it follows that 


Ny €1 aL Eo 2 (8) 
N €y vdQ, 4rrr2x * 


The ratio {1:t& is determined from the shape of the Na24 y-radiation spec- 
&) 
trum; it equals 1.5 with a possible uncertainty of 5%. The fraction x is deter- 
mined from the total mass of the source (weighed) and the mass of the vapor, 


which was calculated theoretically. The average value of x for the different 
series of measurements was 0.2. 


4. Results and discussion 


The resonance fluorescence measurements were carried out at 5 different 
temperatures of the source in the range from 800 to 880°. With increasing tem- 
perature the amount of sodium vapor in the container (i.e., the fraction x) in- 
creases which leads to an increase in the resonance scattering counting rate 
Knowing the temperature dependerce of the sodium vapor pressure, one can readily 
calculate the temperature dependence of the effect. As will be seen from Fig.3 
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Ny, arb.units , 
id the experimental results are in good agreement 


10 with the calculated curve. 
At the beginning of measurements the reson- 
ance scattering counting rate was on the average 
22 pulses per minute at 860°; this amounts to 10- 
15% of the total counting rate (in addition to the 


5 resonance scattering, the background and penetra- 
; tion of direct radiation through the lead shield- 
200 250 790 ing make a contribution to the total counting 
tne rate). 
Fig.3. Temperature depend- The experimental cross section for resonance 
ence of the resonance fluor- fluorescence,as calculated by means of Eq. (8), 
escence effect. Points - was found to be (1.14 + 0.26)+10726 cm2, 
experimental; solid line - Whence the lifetime of the first excited 
theoretical curve. state of Mg24, computed by means of Eq.(5) , is 
tT = (1.7 + 0.4)-10712 sec. (9) 


The indicated uncertainty, in addition to the statistical uncertainty, com- 
prises the error in determining all the quantities entering into Eq.(8), as well 
as the uncertainty introduced by the ambiguity in choosing the type of B-decay 
interaction (i.e., in this case the scalar variant of the theory was assumed). 
The above result is consistent with the lifetime given by Helm’ on the basis of 
experiments on inelastic scattering of fast electrons by Mg24 nuclei. 

The Bohr-Mottelson unified nuclear model1l1,12 predicts that for nuclei with 
A + 24 the deformed equilibrium shape is energetically more advantageous than the 
spherically symmetric shape. As is known, the lower excited levels of deformed 
nuclei are rotational ones. Analysis of the excited state of Mg24 showed!3 that 
the 1.37 Mev state can be regarded as the first excited state of a rotational 
series with K = 0. If this interpretation is correct, we can calculate the quad- 
rupole moment and the deformation parameter of the Mg24 nucleus from the measured 
lifetime. For an electric quadrupole transition between two rotational states 
with I = 2 and I = O and belonging to the same rotational series (K = 0), the 
reduced transition probability isl4 
yt 
AWohiaby 


BUH 2 he (10) 
where Q, is the quadrupole moment of the nucleus. A lifetime of 1.7°107-12 sec 
corresponds in this case to an absolute quadrupole moment of 0.7 barns. To cal- 
culate the deformation parameter 6 for the Mg24 nucleus, we can make use of the 
following formula given by Alder et al15, 
Og rot 2R28(1+0.168), (Ry = 1.2-10724""), (11) 
T 2 

Numerical computation yields B = 0.59, which exceeds the deformation para- 

meter values for elongated nuclei of the rare earth elements. 


Moscow State University 
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CONCERNING DOPPLER BROADENING OF THE LINES ASSOCIATED 
WITH CONVERSION ELECTRONS EMITTED BY RECOIL NUCLEI 
- A.V.Gnedich, L.N.Kriukova, V.V.Murav'eva, V.S.Shpinel' & V, I. Shumshurov 


If a conversion electron is emitted by a moving recoil nucleus the change 
in electron momentum Ap=p—po due to the Doppler effect is given by 


Ap = po- cos), 


where po is the momentum of an electron emitted by a stationary nucleus, vo is 
the velocity of the electron emitted by the stationary nucleus, V is the velocity 
of the recoil nucleus and 9 is the angle between the velocities of the nucleus 
and electron. 

This effect influences the position and shape of the conversion line; under 
certain conditions this may be utilized for determining the lifetime of the ex- 
cited nuclear state.1,2 Moreover, the distortion of the line shape produced by 
the effect must be taken into account in determining the relative intensities of 
conversion lines and the values of conversion coefficients. 

The present work was concerned with investigation of the Doppler effect for 
the conversion lines associated with the transition from the 40 kev level in the 
T1208 (pnc") nucleus excited in Q-decay of Bi212 (Thc) to the ground state. The 
influence of the Doppler effect on the shape of a given conversion line recorded 
by means of a spectrometer depends on the experimental conditions. 

Let us consider the case of an infinitely thin plane source. In the case 
of isotropic distribution, 50% of the recoil nuclei will move in the direction 
of the source backing. For the conversion electrons emitted by these nuclei, 

Ap will depend on the relation between the stopping time T for the nuclei in 
the backing and the mean lifetime tT of the level. The other 50% of the nuclei 
will move away from the backing and escape into the vacuum of the spectrometer 
chamber. The electrons emitted by these nuclei will be detected only if before 
the emission event the nuclei did not have time to emerge from the region of 
focusing of the spectrometer. Consequently, the observed Doppler effect must 
depend on the ratio between tT and the time of flight t of the nuclei in the 
focusing region. This time t can be evaluated. Assuming the dimensions of the 
focusing region to be of the order of some tenths of a millimeter, if the velo- 
city of a recoil nucleus is ~107 cm/sec, the time t will be ~1079 sec. The 
stopping time for recoil nuclei in a solid medium is much shorter. For example, 
for slowing down in aluminum of T1298 recoil nuclei having an initial velocity 
of 3.3-10’ cm/sec, the stopping time T ~ 2-10-13 sec. 

If the lifetime of the excited state is much shorter than the slowing down 
time in the backing (t <«< T), there must be observed a maximum Doppler line 


SA pas PY, 


Po % 


broadening equal to - In this case the conversion line will be extend- 


ed equally to both sides. When tT < T, the nuclei moving into the backing will 
emit electrons after some slowing down or being stopped completely. In this 
case the line will become asymmetric; the broadening to the side of high ener- 
gies will be the same as in the preceding case, while the broadening to the side 
of low energies will be reduced. 

If the lifetime t lies in the range between T and t, the conversion line 
will consist of two parts Sj and S5 equal in intensity (Fig.1). The part S] is 
due to electrons emitted by nuclei stopped in the backing; this part of the 
line is somewhat diffused owing to the fact that the electrons are emitted from 
the depth of the backing. Sg is due to electrons emerging into the vacuum and 


- 862 - 


aI 
N 
800 
0,2 % 
400 “Site 
; 
Sy 52 p 0 e 
A, 343 9450p Ul ee 1,003 Py 
Fig .ds Fig.2 Fig.3 
Fig.1. Distribution of electrons in momentum for an infinitely thin plane source 
when T < tT < ft. Fig.2. F line, Ee = 147 kev. 
Fig.3. Momentum distribution of conversion electrons for the B line. 


receiving only a positive addition to their velocity.* In the case of isotropic 
distribution of recoil nuclei and conversion electrons, Sg has the shape of a 
rectangle of width V/v,. When tT > t, the recoil nuclei will pass through the 
focusing region before emitting electrons. In this case there will be observed 
a decrease in the intensity of the conversion lines, an effect first noted by 
Flammersfeld? in investigating a Th active deposit. If t is comparable with t, 
there will be observed both a change in the shape of the line and a reduction 

of its intensity, from the magnitude of which one can calculate the lifetime of 
the level. 

In practice the thickness of the source has an appreciable influence on the 
observed effects. Only when the lifetime is much shorter than the stopping time 
(t «K T) are the line shape and intensity independent of the source thickness. 
In cases when T < T < t, increase of the source thickness leads to an increase 
in the number of electrons emitted by completely stopped nuclei. Then the area 
S] increases at the expense of So. With tT > t, increase in the thickness of the 
source leads to increase of the relative number of nuclei emerging into the vacu 
um. When the thickness of the source greatly exceeds the range of the recoil 
nuclei, then in all cases, except when tT X< T, neither Doppler broadening nor 
a decrease in the intensity of the conversion lines will be observed. 

We investigated the conversion line shape on a spiral B-spectrometer. The 
source was a thorium active deposit on an aluminum strip measuring 15 x 0.4 mn. 
The activation time was 2 hours. The half-width of the F line (Fig.2) was 0.2%. 
We determined the effective thickness of the source from the fraction of T1208 
nuclei escaping from the source. The fraction of escaping recoil nuclei was 
evaluated from the change in the intensity of the G and H lines of the Th active 
deposit with the source open and with the source covered with a thin film.4 For 

*This is true in the case when the plane of the source is perpendicular to 
the axis of the electron beam and the instrument aperture angle is small. 
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an infinitely thin source the fraction of escaping nuclei should be 0.5. In our 
case it proved to be 0.34. Whence we obtain a value of 0.6 R (R is the range of 
the recoil nuclei) for the source thickness.* 

The theoretical shape of the lines under study was computed on the assumption 
that the mean lifetime t of the 40 kev level lies between T and t. The momentum 
distribution of the B line electrons (conversion on the My shell; electron energy 
Ee = 36.7 kev) is shown in Fig.3. Here we assume a linear relationship between 
the range R and the velocity V of the recoil nuclei. ** 

The width of the Sp trangle equals 0.003 p,. In this distribution the area 
ratio S;/So is of the 
N order of 2, which is in 
; 660 agreement with the experi- 
mentally determined frac- 
tion of escaping nuclei. 
The relative half-width 
of the Sj distribution 
a5 0.24 %e re 0,24 % taking into account the 
total thickness of the 
source (1.6 R) was evalu- 
ated to be 0.04%. 
The expected shape 

0,996 4 1,004 649 652 654 Ho,6s-¢ 5 aad 2 ere Madea 

. , Wp n Hehe BY from this distribution 

4 taking into account our 
Fig.4. a) Expected shape of the B line allowing for apparatus line shape, is 


distortion of the electron distribution by the ap- shown in Fig.4a. From 
paratus line; b) B line obtained experimentally. a comparison of Figs.2 
Ee = 36 kev. and 4a, it will be evident 
that the Doppler effect leads 
N a N b to broadening of the line to 


the high energy side. The ex- 
perimental B line is reproduced 
in Fig.4b. It will be seen 
that its shape agrees with the 
predicted one. We observed an 
1000 36% analogous line broadening to 
the side of high energies for 
the Aa line (the Lyy line of 


800 0,39 Yo 


400 the same transition; Ee = 25 
kev). We deemed it desirable 
500 to make sure that this effect 
100 was not due to apparatus dis- 
1040 1060 1080 640 660 680 tortion of the line shape in 
Upc Bed Hp. Gs cm the given energy region. To 
Fig.5. Conversion lines of cel44, a) Bo. =.92 this end we made use of the 
kev (K line of the 134 kev transition), b) Eg = Cel44 conversion spectrum lines 
= 39 kev (K line of the 80 kev transition). which are not distorted by the 


*The activity of the source is assumed to be uniformly distributed in depth. 
We did not take into account the effective diffusion into the depth of the back- 
ing during activation, an effect recently reported by Siekman & de Waard.® 
*kAssumption of a quadratic relation between the range and velocity (R = an 2) 
somewhat modifies the shape of Sg, but has very little effect on the final form 
of the curve shown in Fig.4,a. 
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Doppler effect. It will be evident from Fig.5 that in going from 92 kev to 39 
kev there is no appreciable alteration of the line shape. Consequently, the ob- 
served broadening of the B and Aa conversion lines must be due to the Doppler 
effect. This inference is in agreement with the mean lifetime of the 40 kev 
transition as determined by Burde & Cohen? and Graham & Bell, 

We could not make use of the most intense conversion line of the 40 kev 
transition in ThC" - the A line - inasmuch as it is complex. The increase in 
the half-width of the A line by 0.2% as compared with the F line with an instru- 
ment resolution of 1.2%, observed in the work of Burde & Cohen’, in our opinion 
cannot be due exclusively to the Doppler effect. Investigation of this line with 
high resolution without taking into account the Doppler effect leads to an erron- 
eous evaluation of the relative intensities of the A and A' lines and their half- 
widths.8 ,9 

Thus by investigating the shape of conversion lines due to electrons emitted 
by moving nuclei one can arrive at an evaluation of the liftime of the corres- 
ponding nuclear levels. In analyzing the line shape one must take into account 
the specific experimental conditions and in particular the thickness of the 
source. The lifetime can also be evaluated by determining the decrease in inten- 
sity of the line due to the escape of recoil nuclei from the source, if the 
thickness of the source is known. Careful analysis of the shape of conversion 
lines emitted by moving (recoil) nuclei is essential in evaluating the relative 
intensities of conversion lines. 


Moscow State University 
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ELASTIC SCATTERING OF PROTONS BY si28 NUCLEI, 
SPIN AND PARITY OF THE 4.31 AND 4.73 Mev LEVELS OF p22 
- A.K.Val'ter, I.Ia.Malakhov, P.V.Sorokin & A.Ia.Taranov 


Introduction 


The most convenient procedure for investigating the levels of P29 lying 
above 3 Mev is apparently elastic scattering of protons by si28, The si28 nucle- 
us has a closed Ds5/g subshell and spin I = 0, while the proton binding energy 
is relatively low (2.72 Mev). Presumably the levels of p29, which has one pro- 
ton outside the closed D5/g subshell, are comparatively widely spaced. All this 
gives reason to assume that analysis of the experimental p-Si28 scattering data 
should be relatively simple. 

Recently, there was published a brief communication by Olness et all con- 
cerning measurements of the p-Si28 scattering cross section in the energy range 
from 1.4 to 3.8 Mev. The authors do not give the results of measurements but 
indicate that they detected resonances at proton energies of 1.65 Mev (width 
60 kev), 2.09 Mev (width 25 kev) and a giant resonance at 2.9 Mev. 

The purpose of the present work was to measure the p-Si28 scattering cross 
section for the purpose of determining the assignments for the excited states 
of P29 associated with the resonances mentioned by Olness et al. 


1. Experimental technique 


The apparatus’ employed for the experiments is diagrammed in Fig.l. The 
source of protons was the electrostatic generator of the Physical-Technical 
Institute of the Ukrainian SSR Academy of Sciences. The proton beam was de- 
flected 90° by a magnetic analyzer, passed through the system of collimating an- 
nuli A,B and C (diameter 2 mm) and impinged on the silicon target 0 having a 
thickness of 0.2 mg/cm*. The energy spread of the protons amounted to 0.05%. 
The protons scattered in a 4-10-4 sterad solid angle by the target nuclei were 
detected by a 0.5 mm thick CsI crystal and an FEU-25 photomultiplier. The pri- 
mary beam current was measured by means of a Faraday cup (F) and a current inte- 
grator. 


Sooo 


RAAAANAARANRARAARARR BARS 


Fig.l. Diagram of apparatus: A,B,C,D & E - defining annuli, F - Faraday cup, 
K - crystal, O - target. 
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The target was prepared by vacuum evaporation of natural silicon from a 
carbon crucible onto a polished backing of stainless steel. The silicon film 
was then pealed off the backing; as a result there was obtained a free-standing 
silicon target. The thickness of the target was evaluated from the results of 
an experiment on small angle proton scattering, wherein the principal contribu- 
tion to the cross section is made by Coulomb scattering. 


2. Experimental results 


The scattering was measured at angles of 75, 90, 125.5 and 151° in the 
center of mass system and in the proton energy range from 1.5 to 3.1 Mev. In- 
asmuch as the target thickness was not determined independently, the scattering 
cross sections are given in relative units (Figs.2-5). 


6,rel.units 


6, rel.eunits 


16 2.0 2.4 Y6 2,0 24 


Ep, Mev Ep, Mev 
Fig.2. Variation of the relative elastic 
scattering cross section with the proton Fig.3. Same as Fig.2 but with 
energy at @ = 75°, @ = 90°, 
ocrel.units 6,rel.units 


0 24 
4 ; Ep, Mev 16 20 2,4 28 Ep, Mev 


Fig.4. Same as Fig.2 but with 9 = 125.5°. Fig.5. Same as Fig.2 but with 9 = 151°. 


It will be evident from the figures that there are clearly pronounced re- 
sonances in the p-Si28 scattering cross section at proton energies of 1.65 and 
2.08 Mev (half-widths, 50 and 14 kev, respectively). In Fig.5 there is discern- 
ible a third resonance extending to the upper bound of the investigated energy 
range. ; 
A certain anomaly is evident in the variation of the cross section at a 
proton energy of about 1.75 Mev (Figs.4 & 5). It is connected with resonance 
scattering of the protons by C12 nuclei (Ref.2) which contaminated the target 
in the process of evaporation of the silicon from the carbon crucible. Our 
evaluations showed that the carbon content in the target did not exceed 3%. 

The experimental results were utilized for determining the spins, parities 
and reduced widths of the 4.31 and 4.73 Mev levels of P29, i.e., the levels as- 
sociated with the first two resonances. We did not carry out an analysis of 
the cross section near 2.9 Mev. 
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3. Analysis of the results 


The cross section for elastic scattering by nuclei with 0 spin is given by 
the expression? 


o (8, £) = ** (| A|?+|B)), (1) 
where 
A(6, £) = — | cosec*-) exp (én In cosec? --) “fF 
= >» [2 + 1) exp (ia; + id;') sin df + Lexp (ix) + id;) sin 87 JP, (cos 6) (2) 


l= 


B (6, E) = isin é oy P’ (cos 6) e*%i [sin 8; exp (id; ) — sin 8} exp (i837) J; 
l=1 
8 sees ay ye : d[P,(cos9)] . 
{Y= tiv ’ k= —; fokeed) cnomatcsy 


I 
a= 2 darctg y/s for icy" a05= 0; 
8=] 

the 3# are the phase shifts of the /-th partial wave scattered in states with 
the total momentum /—/-+-—-; Z is the charge of the target nuclei, m is the 
reduced mass of the system and 9 is the angle of scattering in the center of 
mass system. 

According to the theory of Wigner & Eisenbud?, the phase shifts near the 
resonances can be represented in the form 

F ky} | A} 

¢ = — arct (22) arct leet é 3 
: 8 G, ae 8 atA,—£ r=a ¢ ) 


where F; and G,; are the regular and irregular Coulomb functions, yj is the re- 
duced width of the X level and £, is its characteristic energy; 


pene p Ret pets 
a =— |B (2 S41 rt 


ais the interaction range which is usually assumed to be the same and equal to 
1.45 [A’}+1]-107% cm for all partial waves. 

With the interaction parameter specified, the analytic problem consists of 
determining the values of I, I and y,; so that the cross sections computed by 
means of Eqs.(1), (2) and (3) will fit the experimental results. 

The reduced level width ,? is related to the width [, observed experimental- 
ly by the expression 


rea (4) 
2 
From Wigner's relation 4a and Eq. (4), we have the inequality 
gles 3h2k (5) 
- tes 2ma Aj} ‘ 


this inequality allows of determining the maximum value of the orbital angular 
momentum / that can be associated with the resonance width I). 

On the basis of the experimental widths I, for the 1.65 and 2.08 Mev reson- 
ances and inequality (5), we established that the first resonance is associated 
with 1<.2 and the second with 1<3. 
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It is apparent from Eqs.(1) and (2) that if the resonance is connected with 
one level, then the 90° scattering cross section has an almost symmetrical maxi- 
mum only for odd 7, On the contrary, the presence of a minimum indicates that 
the corresponding resonance is associated with an even l. 

The results of our measurements at 90° show that the resonance at 1.65 Mev 
is associated with an odd value of the orbital momentum, which must moreover sat- 
isfy the condition 1< 2. Consequently, the first resonance is associated with 
1 = 1 and the corresponding level has odd parity. 

An analogous argument leads to the inference that the resonance at 2.08 Mev 
is associated with an even J, which can be either 0 or 2. The |] = 2 value must 
be rejected in view of the shape of the resonance obtained at an angle of 125257; 
For this angle the second Legendre polynomial Py (cos 6) is close to zero. If 
the resonance in question were associated with |] = 2, then, in accord with Eqs. 
(1) & (2), the cross section curve would have an almost symmetrical maximum; 
this, however, is not the case (Fig.4). Hence we must infer that the resonance 
at 2.08 Mev is associated with 7 = O and that the spin and parity of the ex- 
cited state of P29 corresponding to it are 1/2+. 

Thus our analysis leads to the conclusion that the assignment for the 4.31 
Mev level may be 3/2- or 1/2-; the assignment for the 4.73 Mev level has been 
determined unambiguously as 1/2+. To choose between the alternatives for the 
4,31 Mev level one must carry out a detailed comparison of the theoretical 
curves with the experimental results. 

Using the graphic method described by Laubenstein & Laubenstein®, we found 
that the theoretical curves satisfactorily fit the experimental ones if we take 
2.23-10-13 Mev cm for the reduced width y? of the first level and 0.13-10-13 
Mev cm for that of the second level and assume that the assignment for the first 
level is 3/2-. 

We used these values for calculating the p-Si28 scattering cross section 
in the energy range from 1.6 to 2.2 Mev by means of Eqs.(1), (2) & (3) without 
introducing any further assumptions regarding the energy dependence of the 
phases. 

Inasmuch as a target having a thickness equivalent to 20 kev was used in 
the experiments, for comparison of the experimental data with the calculated 
values the latter were first averaged over the thickness of the target: 

E—AE 
s(E)=z, \ (EE 
E 
where o(H) is the calculated cross section for p-si28 scattering and AE is the 
energy loss of the protons in the target. 

The results of our calculation are given by the solid lines in Figs.6-9. 
The points in these figures represent the experimental results, while the dash 
line in Fig.9 shows the curve calculated on the assumption that the spin and 
parity of the 4.31 Mev level are 1/2-. It will be seen that this curve shows 
very poor agreement with experiment; consequently, the 1/2- assignment can be 
eliminated. : 

The maximum divergence between the experimental points and the calculated 
curves (solid lines) does not exceed 25%. This divergence is not excessive in 
view of the fact that in the experiments we used a silicon target with the natur- 
al isotopic composition (92% Si28) which also contained ~3% carbon. Moreover 
the measurement results, particularly in the regions of the sharp minima and 
maxima, were undoubtedly influenced by the fact that a target of appreciable 
thickness was used in the experiments. 

The difference between the calculated curve and the experimental points at 
about 2.2 Mev (Fig.9) is apparently due to the fact that the So phase behaves 
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6, barns 
6, barns 
0.6 
0,2 ; 
1,6 4,8 2,0 LiL 


Fig.7 


Fig.S. Comparison of experimental and 
Fig.6 calculated data at 9 = 75°. 
Fig.7. Same as Fig.6, but with 9 = 90°. 


6, barns 


‘6, barns 


16 18 2,0 2,2 4,6 48 20 22 
‘ Ep, Mev Lp, Mer 
Fig.8 Fig.9 


Fig.8. Same as Fig.6 but with 9 = 125.5°. Fig.9. Same as Fig.6 with @ = 151°. 


somewhat differently than described by Eq.(3). The cross section at 151° is 
very sensitive to the 6, phase. For complete agreement of the data one need 
increase 6, by only 4°, Such a change in phase has virtually no effect on the 
calculated results for the other scattering angles. 


Conclusions 


The experimentally determined half-widths of the resonances at proton ener- 
gies of 1.65 and 2.08 Mev were found to be 50 and 14 kev, respectively; these 
values differ substantially from the 60 and25 kev half-widths reported by Olness 
et all. Since these authors give virtually no experimental details, it is in- 
possible to suggest a reason for the divergence. 

The results of phase analysis are listed in the accompanying table (a = 
= 5.86°10713 om). 

The ratios of the cited level widths to the value of 3n2/2ma show that the 
4.31 Mev level is apparently a single particle one, while the 4.73 Mev level 
owes its existence to a more complicated excitation mechanism. 

The assignments for the investigated levels listed above are the results 
of our preliminary measurements of proton polarization in p-Si2® elastic scat- 
tering. 
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Level width, 
kev, in c.m. 
system 


Ratio 
1 v3) /3K*/2ma 


Level 
energy, 


2.23-10-13 


0.13-°10713 
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TOROIDAL SECTOR TYPE 8-SPECTROMETER 
- S.Salai & D.Bereni 


In this communication we shall give a brief description of the toroidal p- 
spectrometer constructed in the Nuclear Research Institute of the Hungarian 
Academy of Sciences. The first report regarding the design of this spectrometer 
was published by Horvath!. 

The focusing principle of the instrument 
is illustrated in Fig.1. The core of the to- 
roidal coil is a ring separated into 42 seg- 
ments by 42 gaps with parallel faces. The 
figure shows the profile of the iron segments 
and the electron trajectories in the spectro- 
meter. The magnetic field is perpendicular 
to the plane of the figure. The magnetic 
field lines at the points of entry and emer- 
gence of the electrons are curved. Through 
proper design of the segments (field configur- 
ation) , it proved possible to eliminate 
spherical aberration. 

The magnetic coil surrounds the core 
segments so that the gaps are free for the 
passage of electrons. The entire spectro- 


Fig.l. Focusing principle em- meter is mounted in a vacuum chamber (Fig.2). 
ployed in the toroidal sector The source holder is located at one end of 
spectrometer. the spectrometer on the symmetry axis; at 


the other end - symmetrical with the source 
- is an anthracene crystal coupled to a photomultiplier. 


= - 
4a ie 
Fig.2. Fig.3 


Fig.2. Mounting of the toroidal coil in the vacuum chamber. 
Fig.3. General view of the spectrometer. 
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The focusing properties of the spectrometer were investigated by means of 
the radiation from Th(B + C) and Cst3? and Agfa Texo-R x-ray film. Our prelimi- 
nary measurements carried out with Cs137 showed that the relative line half- 
width is about 3-4%; the transmission factor 2.5%. 

These values are in line with those characteristic of ordinary magnetic lens 
spectrometers. Our spectrometer, however, has certain new valuable character- 
istics, namely: 

1. AS measurements showed, there is no magnetic field at the points of 
location of the source and detector. 

2. The spectrometer requires a relatively low current (less than 3 amp, 
i.e., one order of magnitude lower than magnetic lenses). 

3. The design dispenses with baffles separating electrons from positrons. 

The cited characteristics, particularly the first, make this type of B- 
spectrometer very convenient for the investigation of B-y, e--y. and e"-B- 
coincidences. 

Construction and adjustment of instruments of this type have already 
started in our Institute. A general view of the spectrometer is shown in 
Fig. 3. 


Nuclear Research Institute, 
Hungarian Academy of Sciences 
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PRECISION MEASUREMENTS OF THE Co®9 1.17 AND 1.33 Mev, Hf181 4g2 kev 
AND Aul99 158 AND 208 kev y-LINES 
- M.P.Avotina & O, I, Sumbaev 


The principal source of errors in- 
volved in wavelength (energy) measure- 
ments carried out on the 2-meter curved 
crystal spectrometer!,2 of the All-Union 
Scientific Research Institute of Metrology 
were elastic and inelastic deformations 
of the members forming the measurement 
triangle (COB in Fig.1). Bending of the 
rod OB, transmitting the motion from the 
crystal carriage 6 to the crystal 2, led 
to statistical scatter of the measured 
values with a mean root square deviation 
of the order of 0.18 m&. Even more import- 
ant was the possibility of deformation- 
caused deviations of the spectrometer 
scale from linearity (changes in the coef- 
ficient k in the expression X\ = k2] relat- 


Fig.1. Diagram of sine mechanism ing the y-radiation wavelength with the 

with optical indicating device: distance CB = ] between the source and 

1 &1' = positions of source and crystal carriages). 

cross hairs, 2 - bent crystal, In order to exclude the influence of 

3 - spherical mirror, 4 - glass deformable mechanical linkages, the optic- 

scale, 5 - eyepiece micrometer, al indicating system described below was 

6 - crystal carriage, 7 - source realized. 

carriage. A diagram of the optical indicating 

device is shown in Fig.l. The transparent glass 

Table 1 scale 4 is rigidly connected with the source 


Results of measurements of carriage 7 and is located in the field of view 
the Aul98 412 kev y-line of the microscope with an eyepiece micrometer 5, 


energy (2/7 = 51.145 mm) designed to read to within 0.01 mn. 
A set of cross hairs 1', illuminated by a 


M 21 | T—21 special lamp, is mounted above the y-ray source 
1; an image of the cross hairs is projected by 
the spherical mirror 3, rigidly connected with 


4 514,146 —0,001 the bent crystal holder 2, onto the scale in the 
: 51,154 —0,006 field of view of the microscope 5. The sine 

3 aes +0,010 mechanism of the instrument is designeal so that 
5 51,147 —0,002 CB = O'B =7. With ideal operation of this mech- 
: mae =f Gos anism and absolute rigidity of the arm OB linking 
8 54,139 —0,006 the crystal 2 with the crystal carriage 6, the 

9 54,152 —0,007 image of the cross hairs must remain stationary 
10 51,148 -+0,002 


relative to the microscope. In practice, how- 
ever, the cross hair image shifts somewhat but 
remains in the field of view. The distance CO', obtained by reading the position 
of the cross hair image on the scale, is a direct measure of the angle of inci- 
dence %. Thus any errors connected with deformation or inaccuracies in the 
functioning of the sine mechanism are almost wholly excluded. 

Table 1 shows the results of measurements of the Aul98 412 kev line, the 
energy of which is now known with great accuracy. This was the line used for 
determining the constant * of the instrument. As will be evident from the table, 
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the mean root square error of measurement amounted to +0.005 mm (0.006 mA), which 
indicates good reproducibility of the results. 

Taking the value of X = 30.105 + 0.003 mA, obtained by the DuMond group® on 
their crystal spectrometer, we find the constant for our instrument 


kag = 0.58862 + 0.00007 mA/mm. 
Table 2 Table 3 


Results of measurements of the Co%9 Results of measurements of the CoS0 
1.33 Mev y-line energy (2/ = 15.803 mm) 1.17 Mev y-line energy (2/ = 17.946 mm) 


21 21 —21 2l ot — 21 
15,802 +0, 001 17,942 +0, 004 
15,803 0,0 17,950 —0,004 
45,804 —0,004 17,945 +0,001 
15,804 —0,001 17,944 +0,002 
15,802 +0,001 17,949 —0,003 


The results of wavelength measurements of the co69 1.17 & 1.33 Mev and 
Hfl81 482.0 kev lines are listed in Tables 2,3 & 4. The wavelength values ob- 
tained for Co® are: 


N1.17 = 10.5628 + 0.0023 ma; E1,17 = 1173.3 + 0.3 kev 

N = 9.3008 + 0.0020 mA; E1_33 = 1333.0 + 0.3 kev; 
1.33 1963 Ps 

ho. 482 = 25.720 + 0.0030 mA; Eo, 482 = 482.03 + 0.10 kev. 


These values are in good agreement with the most accurate data reported 
hitherto in the literature. 4:5 


Table 4 Table 5 
Results of measurements of the Hfl81 Results of measurements of the Aul99 
482 kev y-line energy (2l = 43.696 mm) y-line energies (kev) 
21 OTe —9) 
Ref.6 | Ref. 7 |ree.e | Our data 
43 ,689 +0 ,007 459 158 159 158,27-+0,35 
43,700 —0,004 
43,699 —0,003 209 208 208 208,17+0,12 
43,695 +0,004 


The 158 and 208 kev lines of Aut99 lie outside the range (240-1500 kev) in 
which measurements can be made by means of the above described optical indicating 
device. In this case the readings were made by measuring the position of the 
source and crystal carriages with reference to calibrated millimeter scales. 
Nevertheless possible systematic errors associated with deformations of the 
measurement triangle could be almost entirely excluded. 

The Aul99 was obtained by irradiation of Aul97 with thermal neutrons, i.e., 
by the successive neutron capture reaction: Aul97 (n 57) Aul98 (n iv) Aut 99, 

In addition to the Aul99 lines, there was present in the spectrum the in- 
tense Aul9® 412 kev line which was used as the reference. The second and third 
orders of this line yielded reference points at energies equal to exactly 1/2 


*A11 the indicated uncertainties are root mean square values. 


: 
: 
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and 1/3 of the fundamental value, which made it possible to bring out and exclude 
possible nonlinearities. 

Fig.2 shows the Aul92 208 kev 
and Aul98 412 kev lines as observed 
in the second order (Eeff = Ey) 9/2 
= 206 kev). The wavelength differ- 
ence amounts to only 


AX = 0.647 + 0.035 mf, 
aia Raa Gs Ga and the error that could be intro- 
208 kev duced by possible nonlinearity is 
va. 4 some 2-3 orders of magnitude less 
Tu I eh al 


N,arb.units 
12 


"f 


10 


than the indicated uncertainty. 
Our data together with those 

os 19 of other investigators for the 

bl energy of the y-lines of Aul99 
Fig.2. Section of the experimental spectrum are listed in Table 5. The indi- 
comprising the Aul99 208 kev and Aul98 412 cated uncertainties are root mean 


49,0 


kev lines (in the second order). Horizon- square errors and take into account 

tal axis laid off in divisions of the spec- only chance deviations. On the 

trometer scale, proportional to the wave- basis of what has been said above, 
length. however, it may be assumed that the 


systematic errors are not large and 
do not exceed the indicated uncertainties. 
We take this occasion to thank V.S,Stepanov, who supervised the development 
of the optical indicating system. 


"D, I.Mendeleev" All-Union Scientific Research Institute Metrology 
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SCATTERING OF LONGITUDINALLY POLARIZED ELECTRONS AND POSITRONS 
BY POLARIZED ELECTRONS 
- A.I.Mukhtarov and Iu.S.Perov 


1. Polarization effects in electron-electron and positron-electron scatter- 
ing have been considered by several authors.1-3 These papers give the cross sec- 
tions for scattering of polarized electrons and positrons by polarized electrons 
without including the polarization of the scattered particle and for scattering 
of polarized electrons by unpolarized electrons with the polarization after scat- 
tering taken into account; in addition, they give the degree of polarization of 
the scattered electron for the latter case. 

In the present communication, we deduce a somewhat more general expression 
for the cross section as a function not only of the initial spins of the two 
particles, but also of the final spin. In addition, we find the polarization 
of the particle after the scattering event. We have considered only longitudin- 
ally polarized particles (which is equivalent to considering only the component 
of the spin along the direction of motion). 

The matrix elements were calculated with the spin taken into account by a 
method described elsewhere. 4 

2. In the first nonvanishing approximation, the cross section for electron- 
electron scattering is given by 

a2K2 
do = Berainto” (/1 + 8182/2 + 518’fs + S28’f4) dQ, (1) 
where 


fr = 1 + 288 + 624 + 3(1 + 28° — BH) cos? 8 + Bt cost 8, 
fo = 1 + 28? + 484 — (1 + 58*) cos? 6 — B? (2 — B?) cos! 8, 
fs = 2(1 + B*) [8? (2 + cos 6) + (1 — B?) cos? 6 + cos? 6], 
Ts = 2 (4 + 8?) [B? (2 — cos 6) + (4 — B?) cos? 6 — cos? 6]. 

Here B=—, hk is the momentum, chK is the energy, s, and s, (equal either 


to +1 or -1) are the components of the spins along the momenta before scatter- 
ing (in units of i/2), and s’ is the component of the spin along the momentum for 
an electron scattered through an angle @. All the variables are given in the 
center-of-mass system. 

Eq. (1) can be used to find the degree of longitudinal polarization of the 
scattered particle. It gives 


_ _do(s' =1)—do(s’'=—1) __ sifs + sofe fe 
do (s’=1)+do(s’ =—1) ~~ f+ sisef2° 


The scattering-angle dependence of the polarization of the scattered elec- 
tron is simplest when the energy of the electrons is small and their spins are 
parallel before scattering. For this case we have 


P = s, cos 0. 


In the even simpler ultrarelativistic case with initially antiparallel spins we 
have 


Ps, 


which means that the electrons remain longitudinally polarized. 

Eqs.(1) and (2) are applicable also in the case in which one or both of 
the electrons are initially unpolarized. In this case one need only formally 
set the appropriate spin equal to zero. 


~ S7T = 


3. Consider the scattering of a positron by an electron. We shall treat the 
cross section as a function of the positron scattering angle and the final posi- 
tron spin. We will find the polarization after scattering for the positron as 
well. In order to obtain the analogous expressions for the electron one need 
only replace all the variables referring to the positron by others referring to 
the electron, and vice versa (in the center-of-mass system this is equivalent 
to interchanging the electron and positron spins). 

Introducing the quantities 


4 
Fi = Tacos [2 + 38! + 28? (2 — 8%) cos 8 + 4 cos? 6] 4 


+4 IB(—3 + 28%) — 284 (2 — 82) cos 6 — B® cos? 6] + Bi (+ is p2) Su + Bs cos? 6, 


: 1 
F, = (1 — cos 0) [82 (1 -+ 282) — 284 cos 8 — B? cos? 6] + 


+ weer [B* + 2B° cos 6 + Bt (2— BY) cos? 6] ——>- pt — g#(1 — +p) cos? 6, 


Fg = Gas ap ll? (3 + 28") + 200s 6 + 8 cos? 6] + 


+ 5 [— Bt + B(—3 + BY) cos 0 — Bt cos* 6] + Bt cos 8, 


4 
Fe = Georgy [PL + 28%) — 284 cos 6 — f* cos* 6] + 


+ paz IB! + 88 (1 + B*) cos 8 + Bt cos? 6] — B* cos 8, 


we find the cross section to be given by 


2K2 p 3 
Seer (Fi + 51522 + 528 FP; + s,8’F 4) dQ. (3) 


dso = 
Here s, gives the electron spin component before scattering, while s, and 
s’ give the positron spin components before and after scattering, respectively. 
We note that all the spin variables for the positron (that is, s,s’ and P) are 
given in the same way as for the electron. 
Eq. (3) gives the following expression for the final longitudinal polariza- 
tion of the positron: 
ee SoF3 + siFq 
«Fy + 8150F2 * (4) 


It will be evident that for the special case of low energies the positron 
polarization after scattering is independent of the initial electron polariza- 
tion; in fact, in this case 


P= 5s, cos 9. 


We also note that if the particles have high energies and the initial spins 
are antiparallel, the scattered positrons remain fully polarized: 


fe 


Eqs.(3) and (4) remain valid also when the electron, the positron, or both 
are initially unpolarized; one need only set the respective spin projections 
equal to zero. 
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BREMSSTRAHLUNG FROM A LONGITUDINALLY POLARIZED ELECTRON 
- B.K.Kerimov and I.M. Nadzhafov 


1. One of the fundamental consequences of parity nonconservation in weak 
interactions is the emission of longitudinally polarized electrons by unpolar- 
ized radioactive nuclei. The longitudinal polarization of electrons emitted 
in B-decay has recently been observed experimentally in several different ways 
(double scattering, bremsstrahlung, Méller scattering!-7). These experiments 
give -v/c for the longitudinal polarization of the electrons. The same value 
is obtained from the two-component theory of the neutrino, 8710 

McVoy11 has calculated the circular polarization for the special case in 
which an incident longitudinally polarized electron emits a photon by brems- 
strahlung in its direction of motion. 

A theoretical consideration of bremsstrahlung emitted by a completely longi- 
tudinally polarized electron in all directions and for all possible energies, 
taking into account the polarization of the initial and final states, should be 
of interest. 

In the present communication we deduce a formula giving the angular and 
energy dependence of the degree of circular polarization of bremmstrahlung pho- 
tons. The formula obtained for the bremsstrahlung cross section is a general- 
ization of the well known Bethe-Heitler formula, accounting for the polarization 
of the electron spin and of the photon. 

The partial circular polarization of bremsstrahlung photons was recently 
observed experimentally® for the electrons emitted by a source consisting of 
y90 4 sr90 

2. When performing quantum mechanical calculations of the probabilities of 
various processes connected with the transition of a Dirac particle from a 
state with momentum ik to one with momentum ik, one usually averages over ini- 
tial and sums over final spins. In this case the squares of the matrix elements 
are calculated by Casimir's method. According to this method, 


sce: aay — 
Gy’ YK — hi (k) y'b (k’) bt (k’) yb (k) 22 = SPY (4 + e! Erie fos hoa — e sk + esha ) > (1) 


where y’ and y are Dirac matrices (of which there are 16). 

When one uses (1), of course, one cannot find how the cross section depends 
on the spin orientation. 

The 1945 Sokolov!2:13 developed the theory of Dirac particles with oriented 
spins; this theory can be used to calculate the spin dependence of the cross 
section for various processes. According to this theory, the squares of the 
matrix elements for electron transitions from state (k, s, c) to state (k’, s’, <’) 
are given by (see p.110 of Sokolov and Ivanenkol2) 


“y, y=o (k, s, dye, s’, e/)b*(k’, 9’, e’)yb(k, 8, 2) = 


aR Y (1 5 Raped; ra > + pse R)(4 +s'< Calle x (1 + piss et oe =) (1 Sed), (2) 
Here S= +1 and s’= + 1 give the projection of twice the spin (s) on the direc- 
tions of motion of the electron in the initial and final states. When s=1, the 
spin is along the direction of motion, and when s = -l1, it is in the opposite 
direction (complete longitudinal polarization of the electron in the initial 
state). The quantities - = + 1 and «’= + 1 determine the sign of the energy 

in the initial and final states. 
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The variables with primes refer everywhere to the final state, and those 
without, to the initial state. If we sum in (2) over final and average over 
initial spins, we obtain Casimir's equation (1). 

In the Born approximation, the cross section for bremsstrahlung parallel 
or anti-parallel to the direction of motion of a relativistic electron is given 
by (see (37.16) of Ref.12) 

eee e KK'k'xdx 
3 : 


com a 


ch StS dQAQ’, (3) 


= 3 
where the square of the matrix element for the (k—k’) transition is 


S*S = bt (A+ p:cB — icC) b'b'+ (At + p,oBt + ict) d; (4) 


C=—(R—R’) [xa]; B= —x(R4+R)a:; 

A= —2(k’R’—kR)a; A*= —2(k’R’ —kR) a’; 
fic ote sc gl 

R= — (Kx — kx) hes =i (K'x— k’'x)* rete. 


Here p= hk, and p’=h’k’ are the electron momenta before and after scattering, hx 
is the momentum of the emitted photon, Ax’ = irk — Ak’— Ax is the momentum trans- 


ferred to the nucleus, E=chK =ch Vk + ke and £’ = ciK’ = ch V 24 ki are the to- 


tal electron energies before and after scattering, hig =; Z is the atomic nun- 
ber of the element, dQ=sin@didp and dQ’=sin6’ dé’dp’ are solid angles for the 
electron before and after scattering, a and a* are the amplitudes of the vector 
potential of the photon field, b=b(k, s, 2) and b'’=b(k’, s’, e’) are Dirac spinor 
amplitudes for the electron, and p, and , are the well known Dirac matrices. 

Eqs.(2), (3) and (4) can be used to calculate the cross section for berms- 
strahlung by a longitudinally polarized (s = + 1) electron. We will thus use 
(2) in calculating the traces that enter into (4). 

In order to evaluate the circular polarization of the bremsstrahlung, we 
must break up a into two components according to 


4 > PE te 
a= 2 agn= 7s D G+ il 8) a, By 
t= +41 l=+41 
where 
= L'il (6) 
V 1—Geipp 
qh — 0, adr ioe oi, l, l en eg ae ats 
Here 0 is the unit vector in the direction of propagation of the radiated 


photon, and j is any unit vector. When | = 1 we have bremsstrahlung with right 
circular polarization (the photon spin is a "forward" in the direction of motion) , 
and when / = -1 the photon is left circularly polarized (spin "backward"). 

By means of (5) and (6) it is easily shown that 
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L. 
x°a) Ge aj = 0, ajay = Ou 
> ’ i > 
[ar] = —ila,, [asaj;] = — ilxdjzp 


(Fiay)(Fiay) = 5 (FF: — (2F,) @°F,) — ihe (FF ,]}, em 


where F, and F, are arbitrary vectors. We shall find these relations useful 


later. 
The conservation laws are of the form 


K—K'—x=0, k—k’—x—* =0, (8) 
If x is directed along the z axis, 


x'? — AP 4 fe? 4 42 —- Dake + Duk’ — Dkk’, 


—> 


__ xk , xk’ 
cos 4 =, cosé =: (9) 


kk’ 
jqr = 008 6 cos 6’ +- sin 4 sin 6’ cos (9’ —¢). 


Using (2) and (5), we find the cross section for bremsstrahlung from a 
longitudinally polarized relativistic electron summed over final spins to be 


DS) doer = doa => op 33 (8, 8’) dQ.dQ! 4 Iso (6, 6”) dQ dQ’, (10) 
8’ +1 
where 
ZB e2)\8_ kde fhsin? 0, 
(0, 8) == (5) ace [ar (Alex cos + Kix cos 6” — Kx? + xk!) + 


k’?sin?6/ 


1 Ta (Kkx cos 6 + Kk’x cos 0’ + Kx? — xk?) _ 


6 M Z 7 — be! s , 
— 2 EES) (Khx cos) + Kh'x cos 6") + Vsint O— Wisin? OK 48) — 


{ 4 k’2) sin? 0’ — k? si 
— xk2f (6, 6) (a — ani) af site Lh Man a hah; (11) 
here 
A=K—kcos6, A’= K'’—k'cos@’, 


7 (6, 6’) = kk’ — kk’ cos 6 cos 6’ = kk’ sin 6 sin 6’ cos (¢’ — @). (12) 


Eqs.(10) and (11) give not only energy and angular distributions, but also 
the polarization (J = +1) of the bremsstrahlung photons emitted in any direction. 
If we average (10) over initial electron spins, the term proportional to /s 
vanishes and we obtain the well known Bethe-Heitler cross section Op_y, (0,0'). 

It is thus seen from (10) that only electrons polarized parallel or anti- 
parallel to their direction of motion can give rise to circularly polarized 
(1 = + 1) bremsstrahlung. 

For the case of radiation forward in the direction of the electron's mo- 


tion (a0, coss = +1), integration of (10) over the solid angle dQ’ gives 


Z? / e® \8k' d 
ea a (er) “Fx [1 + sl) ®, (x, K, K’) + Oy (x, K, K’)]. es 


60 
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The degree of circular polarization of the bremsstrahlung radiation is 
given by 


i te (20:1 —(@nt—a ty (KK' + K’k + i) In — kk’ T | a (14) 
© (dog py + (45), | x (x 2k) tpt oils v1) | 
where sali 
; A k’ (K —k 
D, &, K, Ky k ky iy eed 
©, (x, K, K’) "(KK eR RR See 
kx KK’ (k —x — k')2(K’ + k’) 1 
I, = ss(K— mp 8 RKP) (KP 
I, = 4 in ta *¥— # ke in HORRY) 
1= Fhe  k—x+k Fe P(K—kp (k—x FR’ (K’ —F) 


— [2kk’ (k —x)(K —k)y3. (15) 


It is seen from (14) that as x-»0, the polarization P-—»0, and that P in- 
creases rapidly with x, reaching its maximum value at «,=chx=H—m,c?, Bearing 


of alee 


in mind that lim i =k,, we obtain the maximum polarization as given by (15) to 
be igtsed 
Does = | (K—k)(K+h) }> 
max = lim P= s]1-+ oe pae—ay | ys Bee 


For s = 1 this gives the value recently obtained by McVoyll, It follows 
from (16) that the bremsstrahlung from longitudinally polarized high-energy 
(k>>k,) electrons will be completely circularly polarized (Pmax = s = + 1, mean- 
ing that the photon spin is either always along or always opposite to its direc- 
tion of motion. 

Integrating (10) over dQ’ for the cross section in the general case, we 
obtain 


di (8) dQ = 7 d0\ op 2 (6, 6’) dQ’ + Is dQ ( 3 (0, 6”) dQ’, (17) 
where 
penn 10" fe (GY EE sare 
| 4K*-+ 42K’? — 2k° Shy + K'? — 3K K’ — k*) be tet (KR? 4. i) if 
Poa! ar? ae sorely tall ee 


« 


, , Z NS hee 
2 (0 6’) dQ =% (+) Fee |— ms [— Kk (K? + 25) cos 6 + 


k2 — 92 xKke 4 


+ (KO + o)| sin? 8— K “preg — Gane + Teer 


[3K% — 2K2K" 4. 
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; “ko K 
+ 5 (K —2K’)| + [22 (k (8Kx — 2) cos 6— 2xk?) sin?) — 


x2kt 
euy OAR mn 5 aps (2K4+ 2K2K’ — ko (K? + 4K K' — k?)) EER 4 
ii 
ea, ex? 3K 14 B 
+ 4k’/T Se K 7. ee. +2 =}; (19) 


here 
T=|k—x|, A=K—kcos6, 


, 2 ’ 
KK’ —2 + kk 


L = ln»——_—_____ , 
KK’ — ki — kk’ 


es K’ +k’ 2 
am Nery toe RES 


This means that the degree of circular polarization of the bremsstrahlung 
photons will be given by 


\ 3 (0, 0’) dQ’ 
P=s ————————__ (20) 

1 oot 

z\ By (0, 6’) da 

In the ultrarelativistic case for small angles (both 9 and 9' of the order 
of m,c?/E) the dependence of the circular polarization on the energy E, of the 
scattered electron and the emitted photon is of the type shown in Fig.l. 


Pp 
40 
40 
# b 
08 6 
G8 C 
06 a 
G6 
04 
a4 
0.2 
0,2 
frond? thegdcvasd : 
fe, £9 a4 Cote 
Eves 
Fig.1. Degree of circular polarization as Fig.2. Degree of circular polarization 
a function of (a) the scattered electron as a function of the energy of the 
radiated photon: (a) Ty, = 0.5 Mev, 


energy and (b) the radiated photon energy 


for small angles. b) Ty = 1.5 Mev, c) T, = 3.5 Mev. 
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The dependence of P on =, as calculated from (15) for the case of s = 


e 


= +1 is shown in Fig.2 for several electron kinetic energies T,,. P increases 
rapidly with the bremsstrahlung energy. As the electron energy increases, so 
does Pyax, becoming about 100% (complete right circular polarization) at T 
= 3.5 Mev (or H=8m,c?). For s = -1, the bremsstrahlung is completely left 
circularly polarized (/ = -1). 

In conclusion, we express our gratitude to A,A.Sokolov for discussions. 


Statistical Physics and Mechanics Faculty 
Moscow State University. 
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Gd149 CONVERSION ELECTRON SPECTRUM 
- N.M.Anton'eva, A.A.Bashilov, B.S.Dzhelepov and 
B.K, Preobrazhenskii 


Introduction 


The conversion electron spectrum of the gadolinium fraction separated from 
a tantalum target irradiated (with protons) in the synchrocyclotron was investi- 
gated on the Leningrad State University Ketron! magnetic spectrometer at a resolu- 
tion of 0.5%. The activity was collected on a thin aluminum foil.2 The counter 
window was transparent to>7 kev electrons. Investigation of the spectrum began 
a few hours after termination of the chemical operations. The general appearance 
of the conversion spectrum some 90 hours after separation is shown in Fig.l. It 
was found that the intensity of the conversion lines varied at different rates 
with time, which indicated the presence of several Gd isotopes or isomers in the 
source. For the purpose of making mass number assignments the spectrum was 
measured at successive intervals and the resultant data (areas or simply the 
heights of the peaks) were used to plot decay curves for each conversion line. 

The conversion lines with T,/2 = 10 + 1 days (Fig.2) were attributed to Gd1l49. 

Radioactive Gd149 was discovered in 1951 by Hoff, Rasmussen & Thomson? who 
observed the Sm147 (q, 2n) Gd149 and Eul5! (p, 3n) Gabtl.cenctians..) Somewhat 
later it was established4 that Gadl49 with a period of 9 + 1 days converts by elec- 
tron capture (>99%) to Eul49 and by emission of 3 Mev Q-particles (~1073%) to 
sm145, The conversion electron and y-ray spectra have not hitherto been studied. 
Our principal experimental data were presented at the Seventh All-Union Conference 
on Nuclear Spectroscopy in January, 1957.5 Below we shall discuss our results to- 
gether with the data on Gd149 published 6-8 in 1957. 


1. Experimental results 


The transitions we assigned to Gd149 are listed in Table 1. The K-149.8 
and L-149.8 conversion lines are discernible only in Fig.l. The lines lying in 
the 220 to 360 and 400 to 550 kev intervals are also shown in Figs.3 & 4 which 
pertain to a later series of measurements carried out when the short-lived Gd147 
(Tj/2 = 35 hours) had already decayed; the long-lived isotopes, Gdl51 and Gal53, 
give rise to a number of lines (K-243, K-306, K-350, etc.) in these energy inter- 
vals. However, in view of the fact that with short irradiation times these lines 
are of low intensity they are not apparent in Fig.3. 

The values of K/L listed in Table 1 are arithmetic mean values based on ten 
series of measurements. The value of K/L for the 272 kev transition could not be 
accurately determined in view of the low intensity of the L-272 line. The large 
uncertainty in determining K/L for the 298 kev transition is connected with the 
fact that the L line in question is rather weak and could not be resolved from 
the strong K-346 line (similar qualifying observations apply to the ratios associ- 
ated with the 497, 517 and 535 kev transitions. 

Murin and his co-workers®»7 report that by means of a scintillation counter 
they detected y-rays from Gd149 with the following energies: Ey = 150, 300, 347 
and 520 kev. 

Very recently there appeared a report of Rasmussen and his co-workers® on 
their investigation of the radiation from Gdl49, hese investigators used a 
photographic recording B-spectrograph,.a double focusing spectrometer (resolution 
0.3%) for investigating the strong conversion lines and a scintillation y-spectro- 
meter. The Gdl49 was obtained by the Sm + & and Eu + d reactions in which there 
were also formed other radioactive Gd isotopes. These authors observed the com- 
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. Table l plex spectrum of the radi- 
Transition energies and relative conversion line ation from the resultant 


intensities for Gal49 


mixture of Gd isotopes and 
their decay products. The 


Observed ' data of Rasmussen et al 
No. By, kev ah See K/L K Move for the strong conversion 
: wee lines of Gdl49 are listed 
in Table 1 together with 
3 149,8+0,3 | K, L, M 6,6-L0,: 530-420 our results for purposes 
149 ,9* 9,4" 430% of comparison. It will 
2 see K, 1 wi 7,70,9 be seen that there is ex- 
Rh, . ge; cellent agreement (except 
; tan pets 5 ea iitigx for the 149.8 kev line). 
4 3464-1 K, L, M 5, 9-40, 100 Rasmussen et al attributed 
346,7* 4,4--5,0* 100* a number of additional 
5 461-1 K _ 0,37-+40,03 weak lines corresponding 
461* : to transitions of energies 
6 49741 K, L 3,5-+40,! 1,0-+-0,1 [07 120, 126) 134, 244, 
a, ae a 253, (650), 750, 790 and 
3 He 6, dm ds tee 937 kev to Gdl49, However, 
8 535-41 KL 6 ,6-4.0,6 0-40, 1 some of their assignments 
534% ca = are open to question. Their 
9 ~940 ee 6,5-41,0 0, 23-40, 05 spectrum actually included 


Deterrent 8 
* Data of Shirley et al. 


log “ 


j0 t,days 
Fig.2. Decay curves for Gdl49 plotted 
on the basis of the falling off of in- 
tensity of the K conversion lines. 

For the sake of clarity the decay 
curves for different lines are shifted 
vertically. 


the conversion electrons 
of several gadolinium iso- 
topes and their daughters; 
evaluation of the periods 
in the case of the weak low energy lines 
was carried out from measurements of the 
spectrogram blackenings, a technique not 
characterized by particularly high ac- 
curacy. Specifically, it must be noted 
that the conversion lines corresponding 
to the 126 kev y-transition were not ob- 
served by us in the spectrum of the gado- 
linium fraction but were clearly apparent 
in the spectrum of the europium fraction, 
which we also investigated. The K-132 
line, which according to Rasmussen et al 
is not very weak, should have been but 
was not observed in our experiments. 
Further, the 244 kev y-transition cannot 
apparently be attributed to Gdl49, our 
spectrum contains a K conversion line of 
an unidentified transition of 244 kev 
energy; however, this transition does not 
occur in the decay of Gd149 inasmuch as 
while in the case of some sources the 
K-244 line was comparable in intensity 
with the K-272 line (of Gd!49) in the 
case of other sources it was much weaker. 
The K-255 line was also observed by us 
in the spectrum of one of the sources 
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K-346 
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Fig.3. Gal49 conversion electron spectrum in the energy range from 200 to 350 kev. 
The lines associated with the 149.8 kev transition are shown in Fig.l. 
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Fig.4. Ga149 conversion electron spectrum in the energy range from 400 to 550 kev. 
(it had an appreciable intensity relative to the K-272 line), but was not observed 
in the spectra of the other sources. Moreover, we observed a line of close energy 
(Ey = 255 kev) in the spectrum of the europium fraction. Finally, the conversion 
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electrons associated soce the hard y-rays (Ey +650, 750 and 790) belong, accord- 
ing to our data, to Gdl47 and the decay ae oe of gadolinium, namely, radio- 
active isotopes of europiun. 

At this point it is difficult to say anything definite regarding the other 
weak lines observed by Rasmussen and his co-workers. 


2. Multipole orders 


Our data on the conversion electron spectrum of Gdl49 allow of drawing cer- 
tain deductions regarding the multipole orders of the nuclear transitions in 
Eul49, To this end the results of our measurements are compared with the theo- 
retical data in Table 2. The theoretical values of Ox, Oj,» Ae and 4,5 were 
interpolated from the tables of Sliv & Band. Let us consider the Eheeeved trans- 
itions in order of increasing energy. 


149.8 kev y-transition. The experimental value of the K/L ratio is in best 
agreement with the theoretical value for Ml. 

This inference is substantiated by the supplementary data obtained by V.M. 
Lobashev and one of the present authors (A.A.Bashilov) in our laboratory by means 
of a photographic plate spectrograph. In the spectrograms, among the conversion 
lines of the 149.8 kev transition, there were observed the Lj line and the Lo 
line (weak), while the L3 line was undiscernible. According to a rough evalua- 
tion, the intensities of these lines decrease by a factor of ~10 or more going 
from Lj to Lo to L3- As will be evident from a comparison with the theoretical 
data (Table 2) that this proportion is most consistent with the Ml assignment. 

Furthermore, in experiments, carried out in our laboratory by Adamchuk et 
al9, it was found through comparison of the numbers of conversion and photoelec- 
trons for one and the same source that the K conversion coefficient for the 149.8 
kev transition is 0.53 + 0.07, which is close to the theoretical value of 0.51 
for an Ml transition. 

Hence it may safely be concluded that the 149.8 kev transition is of the Ml 
type. We note that Rasmussen et al8 also inferred that the transition of ~150 
kev energy is a magnetic dipole transition. 


272 kev 7Y-transition. This transition is of low intensity and hence it is 
difficult to draw any definite inferences regarding it. 


298 kev y-transition. One cannot unambiguously identify the type of this 
transition from the ratio of the K and L shell conversion coefficients in view 
of the large uncertainty in determining these quantities. 

However, according to the data of Adamchuk et al? in this case Ox = 0.066 + 
+ 0.007 which indicates that we are dealing with an Ml + E2 transition. Further- 
more, if we used the values of the relative intensities of the conversion lines 
from our measurements (€99g 98: ©159 = 0.086) and take the relative y-ray intensities 
from the data of Adamchuk et alY (7298:7150 = 0-67) and bear in mind that the 150 
kev transition is Ml, we can roughly evaluate the conversion coefficient: 


_ (€298: €150 Es 
A298 = 298: 7150 Q150 ~ 0.065. 


This result also indicates that the 298 kev transition is a mixture of Ml + E2. 
Probably the Ml contribution amounts to about 70%. 


346 kev y-transition. In this case the experimental value of K/L is in good 
agreement with an M2 assignment and not at all consistent with El, E2 and Ml; one 
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cannot, however, exclude the possibility of an Ml + E2 mixture. 

Measurements carried out in our laboratory by V.M.Lobashev et al on the 
photographic plate spectrograph showed that the L; line appears clearly in the 
spectrograms, while the Lg and Lg lines are indiscernible. This fact is in 
agreement with the M2 assignment, inconsistent with the E2 possibility, but 
does not exclude El and Ml. 

Decisive in this respect are the experiments of Adamchuk et al which yielded 
Ox = 0.18, a value corresponding to M2 radiation. Calculation of OQ from the 
relative intensities of the conversion lines and y-rays leads to a value of 0.2, 
if it be assumed that the 149.8 kev transition is Ml. 

As will be evident from Table 2,the values of K/L, Qy and the ratios of the 
L subshell coefficients clearly indicate that the 346 kev y-transition belongs 
in the M2 class. 


461 kev y-transition. No assignment can be made for this transition inas- 
much as the L conversion line is entirely overlapped by the K-497 line and we 
have no data on the intensity of these y-rays. 


497 kev y-transition. The K/L ratio could not be determined accurately in 
this case inasmuch as the L-497 line was poorly resolved from the K-517 line. 
The relatively low estimated K/L value shows that the transition must have a high 
multipole order. To evaluate the conversion coefficient it would have been neces- 
sary to determine the relative intensity of the given y-rays and to do this in 
the presence of the close y-lines at 461, 517 and 535 kev. Unfortunately, under 
our circumstances it was not feasible to determine the number of photons for each 
of these lines separately inasmuch as the activity of the available material was 
too low for satisfactory measurements on the photoelectric y-spectrometer, while 
scintillation spectrometers are incapable of resolving such close lines. 

Rasmussen and his co-workers® , however, give approximate evaluations of the 
intensity of the hard Gd149 y-lines based on measurements by means of a scintil- 
lation counter. Although admittedly the accuracy of these evaluations is not 
high, using these data and our own data on the relative intensities of the lines, 
one can evaluate OQ, and thus obtain some further indication regarding the multi- 
pole order assignment for the 497 kev y-transition. As may be seen from Table 2 
such an evaluation allows of identifying this transition as E3 or M2 or even Ml 
inasmuch as theoretical values of Oh for the three cases differ little. The Ml 
and M2 assignments can apparently be rejected in view of the value of K/L. Thus 
the experimental data do not conflict with the E3 assignment for the 497 kev 7- 


transition. 


517 and 535 kev y-transitions. These transitions are characterized by a 
high value of K/L, namely, ~6-7. Although the intensities of the associated K 
lines were determined with. good accuracy, the L lines are very weak so that the 
K/L ratio was necessarily evaluated very roughly. Nevertheless, from this evalu- 
ation we can infer that these transitions are probably El, Ml or possibly E2 or 
M2, but can hardly be of a higher multipole order. One can obtain some further 
indication regarding the multipolarity of these transitions from an evaluation 
of the conversion coefficients in the same way as was done above in discussing 
the 497 kev transition. Comparing the deduced and theoretical values of K/L and 
Ox, we infer that these transitions are probably Ml, E2 or a mixture of Ml + E2. 

‘The 940 kev y-transition has not been investigated in sufficient detail to 
‘allow of drawing any unambiguous deduction regarding its multipole order. 

On the basis of the above data we can make an approximate evaluation of the 
total intensities of the nuclear transitions in Eul49; 
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Bearing this fact in mind and remaining within the framework of the already 
_ sketched in portion of the decay scheme, we can suggest two variants for locating 
the 298 kev transition. Both variants, however, encounter certain difficulties. 

Variant 1. It may be hypothesized that the 298 kev transition goes from a 
298 kev level to the ground state. According to the single particle model, the 
characteristics of this 298 kev level can be only d:,, or sy, inasmuch as the 
other levels of this shell are already occupied. Inasmuch as the 298 kev transi- 
tion to the ground state (d:.) belongs to the Ml + E2 type, we must discard »: 
and of the indicated configurations choose d,,. Inasmuch as all the intense 
transitions have already been located in the scheme, we can only infer that the 
298 kev level is populated primarily by direct transitions from Gdl49, such 
transitions are possible with considerable abundance only if of the two possible 
configurations (/:,, /,) of the Gd149 ground state the actual one is j/, _How- 
ever, in this case the probability of excitation of the /, level is very low 
inasmuch as the transition from Gd149 is strongly forbidden by the selection 
rules (AI = 2, no). In actual fact, however, the population of the 496 kev 
( hw, ) level is very high. 

Thus the assumption that the 298 kev level is an ordinary single particle 
level consistent with the Mayer model encounters serious difficulties. One 
could, however, hypothesize that the given level had some other nature and that 
its spin is 7/2+ (inasmuch as the 298 kev transition is Ml + E2). In this case 
the ground state of Gdl49 could be characterized by i), and electron capture to 
this level and the jw, level would be once forbidden (AI = 1, yes). Inasmuch 
as the disintegration energies to the 496 kev ( i, ) and 298 kev (7/2+) levels 
differ by only about 20% (Ref.11 - see Fig.5), the excitation probabilities for 
these levels should not differ greatly. This is actually the case. 

Variant 2. Alternatively, it may be hypothesized that the 298 kev transi- 
tion is in cascade with the 346 kev transition. Then the energy of the departure 
level would be 794 kev. This assumption is apparently not in conflict with the 
absence of coincidences with the 149.8 kev transition, inasmuch as the 496 kev 
level must be metastable. According to Weisskopf's formula, the lifetime for 
the 496-9150 kev (M2) transition in Eul49 should be 5+1078 sec, but, as a rule, 
the actual lifetime in the case of magnetic transitions is appreciably longer. 
From the standpoint of the intensity balance this arrangement is possible inas- 
much as the total intensities of the two transitions are approximately equal. 
The transitions with energies close to 500 kev have very low intensities and 
hence can be neglected in the present discussion. Inasmuch as the 298 kev trans- 
ition is Ml + E2, the possible assignments for the 794 kev level are 9/2-, 11/2- 
or 13/2-. This level can no longer be interpreted as a single particle level in 
the franework of the Mayer scheme, inasmuch as there are no longer levels with 
high spins in the shell under consideration. The 13/2- assignment must be re- 
jected, inasmuch as otherwise the 794 kev level could not be excited. The 11/2- 
assi ent would mean that the selection rules equally allow transitions from 
Gd149 to the 794 kev and to the 496 kev level. From this it would follow that 
the 346 kev transition should have at least twice the intensity of the 298 kev 
transition. Actually, however, they are approximately of equal intensity. Final- 
ly, the 9/2- assignment makes it necessary to infer the existence of an intense 
644 kev El type transition to the 150 kev (¢:.) level. Unfortunately, no such 
transition is observed. These are the unsatisfactory aspects of the second vari- 
ant. 

The available experimental data do not allow of choosing between the above 
two variants for situating the 298 kev transition in the decay scheme or of 
elaborating some other, more consistent variant. More acceptable in our opinion 
is the variant according to which we postulate the existence of a 298 kev 7/ 2+ 
level. 
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As for the 272 kev transition, it must be borne in mind that in the above 
mentioned e-e coincidence studyl9° there were obtained indications that this 
transition is in cascade with the 149.8 kev y-transition. It is not clear, how- 
ever, whether the 272 kev transition goes directly to the 150 kev level (from a 
level at 150 + 272 = 422 kev) or is connected with the first excited level 
through some other unidentified transition. 

If we introduce a level at 957 kev, we have two possible alternative ar- 
rangements for the 272 and 535 kev transitions. One of these is shown in Fig.5 
and infers the existence of a 422 kev (d:,) level. With the other alternative 
instead of the 422 kev level one must introduce a level at 685 kev. On the basis 
of evaluation of relative intensities of the transitions in question, it would 
appear likely that the 272 kev transition goes to the first (150 kev) level. 

The introduction of a 957 kev level also provides for locating the 461 kev 
transition in the decay scheme. The 517 and 940 kev transitions apparently call 
for the introduction of a new, additional level. 

We desire to express our deep gratitude to V.P.Dzhelepov, Director of the 
Laboratory of Nuclear Problems at the Joint Institute for Nuclear Studies, and 
the crew of the synchrocyclotron for irradiating the tantalum samples. We wish 
to thank A.M.Murin, G.M.Gorodinskii, V.N.Pokrovskii & V.A.Sergienko for their 
interest in the work and for communicating their experimental results prior to 
publication. We are also indebted to L.A.Sliv and I.M.Band for giving us the 
values of the theoretical L shell conversion coefficients prior to publication. 
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Gd147 anD Eul47 CONVERSION ELECTRON SPECTRA 
- N.M.Anton'eva, A,A,Bashilov, B.S.Dzhelepov & B.K. Preobrazhenskii 


Introduction 


The present investigation was concerned with the conversion electron spectra 
of Gd147 and its decay product Eul47, The Gd147 was obtained by spallation of 
tantalum. The experimental conditions were the same as in our earlier investiga- 
tion! of Gal49, our principal experimental results were reported at the Seventh 
All-Union Conference on Nuclear Spectroscopy in January, 1957.2 

As the first step, we investigated the 
log N- - integral conversion spectrum of the gadolini- 
um fraction which comprised several isotopes. 
The decay curves, characterizing the de- 
crease in intensity of the conversion lines 
with time, indicated that the fraction con- 
tained, among other isotopes, a previously 


3 unknown Gd isotope with a period of 35 +1 
K-229 hr. The decay curves for the K conversion 
K-396 lines of the principal transitions with ener- 
gies of 229, 370 and 396 kev are shown in 
0 30 700 Batt. hire. Fig.l. It was established that the conver- 
, sion electron energy differences were K - L = 
Fig.1. Gd147 decay curves charac- = 40.5 + 0.2 kev and K - M = 46.8 + 0.3 kev. 
terizing the decrease in the in- It may be inferred therefore that these trans- 
tensity of the K conversion lines itions occur in the Eu nucleus after elec-’ 
associated with y-transitions with tron capture in Gd. 
energies of 229, 370 and 396 kev. Furthermore, it was noted that there 
For the sake of clarity the curves appeared and built up in the gadolinium 
have been shifted vertically. fraction spectrum conversion lines corre- 


sponding to nuclear transitions with ener- 
gies of ~120 and ~200 kev. The burgeoning and 
subsequent decay of the K lines associated with 
these transitions are illustrated in Fig.2. It 
will be evident that the activity responsible 
for the build-up of the lines has a period of 
35 hours and that after some time their intensity 
falls off with an appreciably longer period, 
namely, Tj/2 = 25 +1 days. In this case the 
conversion line energy differences proved to be 
Fig.2. Curve illustrating the K - L = 39.1 + 0.2 kev and K - M= 45.2 + 0.3 


growth and decay of Eul47 kev, which indicated unambiguously that the ~120 
activity in a Gd147 source. and ~200 kev transitions occur in Sm. It may be 
Observations based on the inferred, therefore, that the 35 + 1 hr Gd iso- 
K-121 (circles) and K-197 tope transforms into radioactive Eu, which by 
(crosses) lines. dae electron capture with a period Tj/2 = 25+1 days 


converts to Sm and excites transitions having 
energies of 120 and 200 kev in the last nucleus. 

We carried out the following control experiment. The gadolinium was puri- 
fied by separating out the accumulated europium chromatographically. The afore- 
mentioned conversion lines associated with the 120 and 200 kev transitions were 
not evident in the spectrum of the purified Gd, but, as may have been expected, 
the spectrum of the europium fraction comprised strong conversion lines corre- 
sponding to transitions of these energies. The half-life of the Eu isotope as 


fii 
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determined from the decay of these conversion lines again proved to be 25 + 1 


days. 


Europium activity with a period of 24 days, accompanied by y-radiation with 


energies of 120 and 200 kev , according to Seaborg's Table of Isotopes®, 


should be assigned to Eul47, 
decaying with the 35 + 1 hr period is Gdl47, 


We concluded therefore that the gadolinium isotope 


Concurrently, Murin and his co-workers* by successive chromatographic sepa- 
ration of Eu from the gadolinium established that the parent isotope for Eul47 


is Gd with a period of 1.5 days (36 hours). 


Murin et al, using a scintillation 


spectrometer, observed 230, 370 and 390 kev y-rays from their Gdl47 source. 
Recently, Shirley, Smith & Rasmussen> published the results of their investi- 
gation on gadolinium isotopes; in this work Gd147 was obtained by the Sm + @ and 


Eu + d reactions. 


1. Experimental results for Gd147 


The complete conversion electron spectrum of the gadolinium fraction in the 
range up to ~500 kev is shown in Fig.l of the preceding article.1 In the present 
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Fig.3. Section of Gdl47 conversion electron spectrum 
up to ~400 kev; lines belonging to other Gd isotopes 
or Eu subtracted. 


lines in many cases are weak and poorly resolved. 


article in Fig.3 we give 
the section of the Gdl47 
conversion electron spec- 
trum up to ~400 kev with 
the lines belonging to 
other Gd isotopes and Eu 
subtracted. Fig.4 shows 
the section of the spectrum 
from ~400 kev to 1.5 Mev; 
this spectrum includes the 
lines of other isotopes 
(hatched in the figure). 
The detected nuclear 
transitions excited in the 
decay of Gd147 are listed 
in Table 1 together with 
their energies and the 
relative intensities of 
the associated conversion 
lines. Assignment of the 
weak lines to Gd147 (or 
other isotopes) was made 
on the basis of the ob- 
served period. It proved 
feasible to determine the 
K/L ratio for only some 
of the transitions in view 
of the fact that the L 


The data pertaining to transi- 


tions with energies from v0.5 to ~1.5 Mev were obtained with only one source and 


a limited number of successive measurements. 


Hence the accuracy of the data for 


this section of the spectrum is lower than for the initial range. 
It is interesting to compare our results with the data of Shirley, Smith & 


Rasmussen” who also investigated the conversion electron spectrum of Gal47, 


All 


their data pertaining to the conversion lines of the intense 229, 370 and 396 


kev 7-transitions are in good agreement with ours. 


These investigators used an 
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Fig. 4. Gal 47 conversion electron spectrum in the energy range from ~400 kev to 1.5 Mev. 


The lines belonging to other Gd isotopes or Eu are hatched. 
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Table 1 ordinary photographic re- 
Transition energies and relative conversion line cording B-spectrograph, 
intensities for Gdl47 a double focusing spectro- 
i aes eh meter (for investigating 
Hee | Ey, kev | Lines K/Ksee X 100 | K/L strong lines) and a scin- 
| observed | tillation y-spectrometer. 
~< | In addition to the strong 
eee Pair Ser “the conversion lines associ- 
2612 ne. 4 THO,5 — ated with the above enumer- 
3 3104 Rplsy i . 15-41 +0,5 ated three transitions, 
‘ peer Rr reas é.8t0's they also detected on their 
6 5494.2 | kK 0, 19-£0.02 . oo photographic plate weak 
ry 60-2 K, 1 2.40,2 7,6+0,5 lines, not observed in 
: air se pace 16 noth our work and corresponding 
10 625-443 AT, {,6+0,2 | ~4 to transitions of ener- 
if (696) kK ~0,03 = gies 136, 142, 217, 226, 
12 Se 3 > 0,17-20,02 241, 310, 348, 374, 391 
13 73343 K ~0,05 — ? ’ ’ ' 
14 75543 K, 1 ~0,4 7 — and 502 kev. According 
15 ree nae Sectey i to the visual evaluation 
17 78743 KT, ma ol of these authors, the con- 
18 8604-2 K,L 0,20--0,02 ae version lines of all these 
= 909763 2 yeas ca transitions are "very, 
> 9324.2 K.L 1 .94-0,2 7,1+0,5 . very weak" except for the 
7 208-5 a yet “e _lines associated with the 
ry 113043 KL Getta 741 142 kev transition. The 
25 13305 K ~ 0,013 i _ exceedingly low intensity 


of these lines explains why 

‘we did not observe them. 

The K-226, K-248 and K-391 
lines were not separated in our spectra from the other lines. By means of the 
scintillation spectrometer Shirley, Smith & Rasmussen also observed Yy-rays having 
energies of 517, 570, 635, 770, 900, 1080 and 1298 kev. As will be evident from 
Table 1, we observed a large number of lines in the corresponding energy region. 


2. Multipolarities of the nuclear transitions excited in the decay of Gal47 
ee tt tons Oxciteg in the decay of Gav*t 


Table 2 
Data for the determination of multipole orders of nuclear transitions in Eul47 


+ Ratios! - : Theoretical values Inferred 
0 idly oe ee i multipole 
kev effi values Et Mi | F2 M2 E3 oraers 
ents : | 
vote et, 1.55 AR 
P . A or | ng a } fogs 1.2 at 
99 )) A/G ea OL a Py a 6! Pee B,2. | 2 MW 
229) ) a, | 0,4640,02* | 0,027 | 0:15 | 0.10 |} 0,74 | 0,36 | J 
. K | foe ) ~ ie 
3 hier 8.80.59.) te | 7,0 4,8 ae ie 7 
370 { Lig (0,051£0,0108 | 0,0076 | 0,043 | 0,025 / 0,16 } 0,074 | Jf 
4 5 taper s 7 5 COR fe. Set ty ieee 
P KjL | 5,8+0,2 Ee ete aS: Pe SN So MOAT D 
306 | 2 Ke 10,015+-0,02* . 0, 0067 0,035 0,021 0.13 | 0,062 au 
(| K/L | 7.6405 | 7,3 Ptr thins. 5 a hd 4 Oe 
485 ade 4 ae 032 | | E1 
\ 4K ) a } 0,0045 | 0,020 0,013 0,065 ; 0,032 | : 


* According to Adamchuk e+ al>. 
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Determination of the multipole orders of nuclear transitions is very im- 
portant for constructing decay schemes and investigating the structure of nu- 
clear levels. Our results together with certain supplementary data allow of 
making assignments for the principal transitions in Eul47, 

The experimental values of K/L and Qx are compared with the corresponding 
theoretical values in Table 2. Below we consider the inferences that can be 
drawn from comparison of these values. 

229 kev y-transition. The experimental value of K/L is in excellent agree- 
ment with the theoretical one for Ml. This assignment is substantiated by the 
results obtained in our laboratory by Lobashev and one of the present authors 
(A. A.Bashilov) who on their B-spectrograph photographic plate obtained an intense 
L, conversion line, an appreciably weaker Lg line and a very weak L3 line. How- 
ever, both these results do not differ greatly from what may be expected on the 
basis of the theoretical data for El and M2 transitions. Decisive as regards the 
assignment for this transition is the magnitude of Q, obtained in our laboratory 
by Adamchuk et alS, These investigators compared the number of conversion elec- 
trons with the number of photoelectrons from the same source. After calibration 
of the spectrometer with reference to transitions with a known conversion coef- 
ficient they found 0,-229 = 0.16, which is in excellent agreement with the theo- 
retical value for Ml. 

Thus there can be little doubt that the assignment for the 229 kev y-transi- 
tion is Ml. 

370 kev y-transition. In view of the low intensity of the conversion lines 
associated with this transition, the experimental K/L ratio has an appreciable 
uncertainty; it is, however, in good agreement with the theoretical value for Ml, 
although one cannot exclude the possibility of El. According to the measurements 
of Adamchuk et aS, Qx-370 ~ 0.051 which is consistent with the Ml assignment. 

396 kev y-transition. The experimental value of K/L is in good agreement 
with the theoretical value for M2, but within the limits of the experimental er- 
ror also allows of identifying this transition as a mixture of Ml + E2. In view 
of the value @-396 = 0.15 obtained by Adamchuk et al, we can safely assert that 
this transition is of the M2 type. 

625 kev y-transition. In this case the K/L ratio is small (4) which is 
typical for transitions having a high multipole order. We suggest that this 
transition is E3. Unfortunately, in view of the presence of a large number of 
lines with energies close to 625 kev in the y-spectrum of this activity, it was 
impossible to measure the intensities of the individual y-lines and hence to 
determine with satisfactory accuracy. 

The same observation applies to the other high energy nuclear transitions: 
the y-ray intensity measurements of Shirley, Smith & Rasmussen’ pertain to unre- 
solved groups of y-lines so that it is not feasible to evaluate the internal con- 
version coefficients for individual transitions. For this reason no attempt was 
made to determine the multipole orders of the high energy transitions. 

Knowing the multipolarities of nuclear transitions, we can evaluate their 
total relative inteisites. Such evaluations were carried out for the 229, 37, 
396 and 625 kev y-transitions. In the computations we used the theoretical 
values of Ox for pure multipoles. We found I229:13709: Iggg: Igo5 = 2:0-4:1:0.1. 

Among the high energy transitions, some have intensities comparable with 
that of the 396 kev transition. The most intense, apparently, is the 932 kev 
transition. 


3. Decay scheme for Gdl47 


Inasmuch as both Gd!47 and Eu247 contain less than 88 neutrons, it may be 
assumed that these nuclei are spherical. Hence it is logical to consider their 
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ea” quantum characteristics from the stand- 

ict if point of the Mayer model. 
ne Ion) According to the single particle 

model the ground state of Gdl47 must 
be 7, or possibly hy,, While the ground 
state of Eul47 should be either g.,, or 
d.,, In what follows we shall assume 
that the configuration of the Eul47 
ground state is d:,. 

As was indicated above the most 
intense transition is the 229 kev Ml 
transition. It may safely be assumed 
that it goes from the first excited 
level to the ground state (see Fig.5). 
This assumption is in agreement with 
the single particle model according 
to which the first level should be a 
g:, level (since we have taken d:., for 
the ground state). Thus the energy of 
the first level is 229 kev. 

According to the single particle 
Fig.5. Tentative Gdl47—2y147 decay model, we may expect one of the next 

scheme. excited levels of Eul47 to be /um,. 

The transition from this level to the 
first level (¢,,) must be of the M2 type. As indicated above, the assignment for 
the 396 kev transition is M2. Hence we infer that it occurs in cascade with the 
229 kev transition and that, accordingly, the energy of the second level is 229 + 
+ 396 = 625 kev. This inference is substantiated by the presence of 625 kev y- 
rays, corresponding to a cross-over transition from the second 625 ( hu, ) level 
to the ground state ( ds,)- The multipole order of this cross-over transition 
must be high (E3). As noted above, this apparently is in agreement with the ex- 
perimental data. Furthermore, our assumption is substantiated by the occurrence 
of coincidences between the K-229 and K-396 conversion electrons, detected by 
means of a double magnetic lens spectrometer. 7 

It is impossible to present equajly rigorous arguments for the location of 
the other transitions in the decay scheme. Nevertheless, on the basis of the 
energy relationships between the transitions and rough evaluations of the relative 
transition intensities, we propose the decay scheme shown in Fig.5. 

For most transitions, energy balances obtain to within 1-3 kev. The transi- 
tions for which the balance is less precise are given in parentheses in the fig- 
ure. The total disintegration energy was computed by means of Levy's empirical 
formula for atomic masses. The proposed decay scheme does not include a number 
of observed weak transitions, namely, transitions with energies of 608, 696, 733, 
909 and 1072 kev. 


~~ 2300 


4, Experimental results for Eul47 


The sections of the conversion electron spectra of the gadolinium fraction 
containing the Eul4/ K-121 line are shown in Fig.6; the spectra were recorded 
six hours and seven days after chemical separation of the Gd. Next to the Eul47 
K-121 line, for purposes of comparison, we show the slowly varying K-114.8 and 
K-115.5 lines belonging to Gd146 which has a long period (45 days). It will be 
clear from the figures how the K-121 conversion line has increased in intensity 
over the ~7-day interval, during which the activity of the 35-hour parent Gdl47 
has virtually died out. 
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The overall con- 
version electron 
spectrum of Eul47 
is shown in Fig.7. 
It was obtained in 
investigating the 
europium fraction. 
The spectrum of 
this fraction con- 
tained the conver- 
sion lines of sever- 
al Eu isotopes. 

The identification 
of the lines be- 
longing to Eul47 
was carried out, 

as in the other 
cases, from the de- 
cay period. Our 
experimental re- 
sults are summar- 
ized in Table 3. 


1000 


500 


NTT ne ae 350 900 750 Hp.si4 The 800 kev y- 
transition was only 
Fig.6. Section of the conversion electron spectrum of the tentatively assign- 
gadolinium fraction illustrating the initial growth of the ed to Eul47, 
K-121 line of daughter Eul47, Curve a represents the spec- The K and L con- 
trum 6 hours after chemical separation of the Gd; curve b - version lines of 
7 days after separation. the 76.5 kev transi- 
tion are poorly resolved from the 
: Table 3 K-LL Auger electron group and the 
Transition energies and relative con- K-121 line, respectively. The poor 
version line intensities for Eul47 resolution is due to diffusion of 
- the low energy lines because of in- 
Re. EY, kev ey inl K fu Bs 67 adequate uniformity of the active 
X 100 layer. Hence the relative intensi- 
1 76,5-40,3 K, L ~6,5 ~100 ties of these lines could be evalu- 
: ter ates ey Hora aos) ated only very roughly as regards 
4 "600-2" ie or eens 1,940,2 order of magnitude. The ~80 kev 
5 676-2 Bt: — 1,8+0,2 transition was first observed by 
6 (8005) K 4 feed Gorodinskii et al.“ Later, however, 


the same authors found by means of 
a scintillation counter that the 
intensity of the ~80 kev y-rays is very low? (if they exist at all). 

This transition cannot, apparently, be classified as El, inasmuch as in this 
case the 76.5 kev y-ray would have a high relative intensity (1y-76: Iy-121 = 35%) 
and hence would have been clearly observed. However, if we assume that the as- 
signment for the given transition is E2 or Ml, then the intensity ratio Iy~-7¢: 
:Iy-121 would be only 8 or 5%, respectively, and one can readily understand the 
negative results of the search? for the 76.5 kev y-rays. On the basis of the 
above, we infer that this transition is either Ml or Ml + E2; this interpretation 
is substantiated by the other decay scheme data. 

Next, let us consider the 197.6 kev y-transition. Our experimental value of 
K/L = 3.4 + 0.3 is consistent with an E2 assignment (Table 4). Gorodinskii et al 
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Table 4 measured the conversion 
Data for the determination of the multipole orders coefficient for this 
of some transitions in Sm147 transition and obtained 


Ox = 0.195, indicating 
I . either Ml or E2. Finally, 
nferred 
multipole @malysis of all the decay 
orders scheme data in the aggre- 
gate leads us to the con- 
20,6 6,9 | 6,9 | 1,8 | 4,5 | 0,35 M1 clusion that the most 
- 0,14] 0,83 | 0,68 | 6.6 | 2,8 plausible assignment for 
the 197.6 kev transition 
is E2. 
feet Pe 3430.3.1-7,4 17,0.) 3,3.|.5,2 |4,0 | #2 accurate determination 

; Oy 0,195* | 0,03 | 0,19 | 0,16 | 1,0 | 0,60 of the K/L ratio for the 

| 121 kev transition is 


hampered by the diffusion 
* According to Gorodinskii ct al’. 


wy pak ey Reo to ay 9 of the lines and the pres- 
valculLated on = as1s oO e relative Y-ray anc 3 
as conversion line intensities for the 121 and 197.6 kev ence of close lines of 
transitions. somewhat lower energies. 


The experimentally deduced 
value of K/L = 6.2 + 0.6 indicates that this transition is probably Ml + E2. 
Berlovich et a11l0, however, came to the conclusion that the upper bound for the 
lifetime for this transition (Ty, < 5*10710 sec) deriving from their measurements 
is in conflict with the Ml + E2 assignment but is not inconsistent with the trans- 
ition being pure El. As may be seen from Table 4, the experimental value of K/L 
can within the limits of the experimental error be reconciled with the theoretic- 
al value for El, but the data on the internal conversion coefficient conflicts 
with this interpretation. According to the data of Gorodinskii et al9, O%-121 = 
= 1.34. In addition, the conversion coefficient can be calculated from the rela- 
tive intensities of the y-rays and conversion lines. According to the data of 
Gorodinskii et al, Ty-121: 1,198 = 1:1.56, while according to our data ey.j91: 
7€r_198 = 4.8. Inasmuch as the 197.6 kev transition may be regarded as pure 
quadrupole, we can take the theoretical value of 0.16 for its conversion coef- 
ficient. Calculation of the Ki91 conversion coefficient on the basis of the indi- 
cated quantities gives Qy-19] = 1.2. Although somewhat high, this value is fairly 
close to the theoretical value of 0.83 for an Ml transition. Actually, there are 
no other multipole orders for which the experimental-values of K/L and Q\& are in 
better agreement with the theoretical ones (Table 4). The agreement would be 
better if the ratio of the 121.0 and 197.6 kev y-ray intensities were closer to 
unity than follows from the results of Gorodinskii et al. On the basis of the 
above said, we come to the conclusion that the 121 kev transition must be Ml. 

For the higher energy transitions - 600 and 676 kev and the possible 800 
kev y-transition - we can enly indicate the relative intensities of the K conver- 
sion lines. One can say nothing definite regarding the K/L ratios. The possible 
assignments for these transitions according to the decay scheme are Ml, E2 and 
E3, respectively. Using these multipole orders, the conversion electron data and 
the theoretical internal conversion coefficients for the corresponding pure multi- 
pole orders, we calculated the relative intensities of the nuclear transitions 
and obtained 


| 
| Theoretical 
> 


kev 


Experi- 
barn Lal 
values 


EA | M1 | E2 | M2 E3 


121,0° K/L 


177: 1121: 1198: I600: 1676: Isoo = ¢ 0.2):1.5:1:0.20:0. 48: (0.02). 


The most reliable intensity values are those for the 121 and 197.6 kev transitions. 
The other data, as follows from what has been said above, are only tentative. 
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It is interesting to compare the principal transition and lower level schemes 
for Eul47 and Eul49 with the corresponding schemes for Eul51 and gul53 (Ref.15 - 
Fig.6). In the case of the first three isotopes - Eul47, gul49 and gul5l - the 
number of neutrons is less than the critical number N,,; = 89. All these nuclei 
have a system of low-lying levels satisfactorily described by the Mayer model. 
Analyzing the respective level diagrams, one is at once struck by their similari- 
ty; the principal difference is that the separation between the successive levels 
decreases as we go from the nucleus with a filled neutron shell towards the re- 
gion of elongated nuclei. The energy of the first level, equal to 229 kev for 
Eul47, decreases to 150 kev in Eul49 and falls to only 22 kev in Eul5l, A simi- 
lar situation obtains for the hy. level: in going from Eul47 to Eul5! its ener- 
gy decreases from 625 to 497 and then to 197 kev. As is evident from the ener- 
gies of the corresponding transitions, the energy differences between the levels 
also decrease. 

The system of levels of Eul53, which has a larger than critical number of 
neutrons is already described by Nilsson's scheme rather than that of Mayer; this 
nucleus is known to have two rotational states with energies 84 and 194 kev. It 
is undoubtedly an elongated nucleus. 


5. Eul47 decay scheme 


The decay scheme for Eul47—+sm147 was discussed and described by Gorodin- 
skii et al9. On the basis of our present results it proved feasible to supple- 
ment this scheme with the introduction of transitions of 76.5, 600, 676 and 800 
kev energy (Fig.8). The disintegration energy was calculated by means of Levy's 
empirical formula for atomic masses. 

As was inferred above in discussing the 

Gal 47 decay scheme, the configuration of the 
dy ground state of Eul47 is dy,. According to 

Mayer's model the ground state of Sm147 must 

be either hy, or /,,. While we lack rigorous 

experimental proof for the choice, we are in- 
clined to give preference to the /»), assign- 
ment on the basis of the proposed decay scheme 
and the determined multipole orders of the 
nuclbar transitions in Sml47, We note that 
the /», assignment is not in conflict with the 

Pm147-~gml47 B-decay data. According to the 

Mayer model, the ground state of pm147 must be 
b ds, OY gr,. Consequently, the B--transition 
ie between the ground states must be a first for- 

bidden one (AI = 1 or 2, yes). The log ft value 
Fig.8. Tentative decay scheme of 7.5 is not in conflict with this degree of 
for Eul47-+sm147, The multi- forbiddenness. 
pole assignments for the 600 The most intense of the transitions ob- 
and 676 kev y-transitions are served in Sm!47 are those with E, = 121.00 and 
based only on the decay scheme. 197.6 kev. Obviously, these transitions must 


147 
Eu 


25d 


800 


— —— cm a) 


(800) (M3) 


= 
> 
et ——500 [4] 


The relative abundances of occur between low-lying levels. In a studyll 
the transitions are given in of y-y coincidences it was established that 
the text. the 121 and 197.6 kev y-transitions are not in 


cascade. Consequently, there must exist levels 
at 121 and 198 kev. 
The existence of the 121 kev level is substantiated by other experiments. 
Langevin-Joliotl2 reports that in Pml147-+Sm147 B-decay there are emitted weak 
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y-rays of 121 kev energy. Inasmuch as the total disintegration energy in this 
case is 226 kev, the presence of such y-rays indicates that the first (or one 
of the first) excited levels in Sm147 is located at 121 kev. 

The 76.5 kev transition presumably occurs between the 198 and 121 kev levels. 
If in conformity with the Mayer model, we assume that the first excited level is 
jj, and the second /;, , we find that the experimentally determined multipole 
orders of the 121 kev (Ml) and 198 kev (E2) transitions are in excellent agree- 
ment with what may be expected on the basis of the proposed level scheme (Fig.8). 
The assumption that the 76.5 kev transition is of the Ml type is also consistent 
with the level scheme. 

The energies of the two hard y-lines - 600 and 676 kev - give reason to in- 
fer the existence of another level with an energy of 800 kev; the 600 and 676 
kev 7-rays correspond to transitions from the 800 kev level to the first and 
second excited levels (see Fig.8). The 800 kev y-transition, which we have ten- 
tatively attributed to Eul47, may be a cross-over transition from this high- 
lying level to the ground state. The configuration of the 800 kev leve, accord- 
ing to the Mayer model, is probably m,. The probable multipole orders of the 
600 and 676 kev y-transitions consistent with the proposed decay scheme are Ml 
and E2, respectively. The 800 kev transition should be Ml. Unfortunately, the 
available experimental data are not adequate for making reliable multipole order 
assignments for these transitions. It must be noted, however, that the relative 
probabilities of these three transitions calculated according to Moszkowski's 
formula disagree with the relative intensity values calculated from the number 
of conversion electrons and the inferred multipole orders. The divergence is 
particularly large in the case of the 800 kev transition: Moszkowski's formula 
gives a ~105 times lower probability for the transition as compared with the 
expected. 

On the basis of the y-transition intensities given above (Section 4), we 
can roughly evaluate the probabilities of electron capture in Eul47 to different 
levels of Sm147, The results of such calculation expressed in the same units 
as used for the transition intensities (i.e., taking Ij9g = 1.00) are the follow- 
ing: intensity of capture to the 800 kev level - 0.70, to the 198 kev level - 
1.0 and to the 121 kev level 0.85. In order to determine the probability of 
capture to the Sml47 ground state, one would have to know the total number of 
Auger electrons. Unfortunately, we did not have sources consisting of pure 
Eu 47, all our sources had appreciable admixtures of other europium isotopes. 
Gorodinskii et al9, however, evaluated the relative probability of capture to 
the ground state of sm147 as 16% and to the excited level as 84%. Using these 
values, we calculated, on the basis of our data, the relative probabilities of 
decay of Eul47 to the different levels of Sm147 and found: 121 kev level - 28%, 
198 kev level - 33% and 800 kev level - 23%. 
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Laboratory of Nuclear Problems at the Joint Institute for Nuclear Studies, and 
the crew of the synchrocyclotron for irradiating the tantalum samples. We wish 
to thank A.M.Murin, G.M.Gorodinskii, V.N.Pokrovskii and V.A.Sergienko for their 
interest in the work and for communicating their experimental results prior to 
publication. We are also indebted to L.A.Sliv and I.M.Band for giving us the 
values of the theoretical L shell conversion coefficients prior to publication. 
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INTERNAL CONVERSION COEFFICIENTS OF SOME NUCLEAR TRANSITIONS IN Eul47 anp Eul49 
: - V.K.Adamchuk, A.A.Bashilov & B.K. Preobrazhenskii 


Introduction 


The decay of Gal47 and Gal49 by electron capture leads to the formation of 
Eul47 and Eul49 nuclei in different energy states. As investigationsl-3 of the 
conversion electron spectra have shown, there then occur numerous nuclear transi- 
tions in the two europium isotopes. In the case of Eul47, there have been observ- 
ed over twenty transitions with energies in the range from 230 to ~1000 kev. In 
the case of Eul49, there are at least eight transitions from 150 to ~500 kev. 

The Gdl47—~£ul47 and Gd149-—Eul49 decay schemes are complicated.2»3 To construct 
these schemes one must know the spins and parities of the levels, while to make 
the assignments one must in turn determine the multipole orders of the nuclear 
transitions in Eul47 and Eul49, 

One of the basic methods of determining multipolarities is based on compari- 
son of the experimental and theoretical values of the internal conversion coef- 
ficients. For experimental determination of the internal coefficients, however, 
it is usually necessary to have fairly detailed information on the decay scheme. 
Hence in the case of complicated decay schemes determination of the conversion 
coefficients generally proves difficult. 

In the present work we used a procedure for determining internal conversion 
coefficients, which does not require knowledge of the decay scheme. The proce- 
dure is based on measurements by means of a magnetic spectrometer of the number 
of conversion electrons and the number of y-rays (from observation of photoelec- 
trons) emitted by one and the same source. 

Similar experiments have been carried out by Karamian & Prokof'ev4. 


Experimental Procedure 


The essentials of the procedure employed in this investigation are the fol- 
lowing. Using one and the same radioactive material, we measured by means of 
a magnetic spectrometer the number n, of conversion electrons and the number n, 
of photoelectrons. The electron source consisted of the radioactive materials, 
a copper absorber (0.3 mm), an aluminum absorber (0.1 mm) and a photoelectron 
radiator, namely, a bismuth foil with a superficial density of 1.6 mg/cm?, The 
radioactive source was first mounted at the focus of the spectrometer in the 
position required for detection of conversion electrons; then it was turned and 
the photoelectrons were recorded. 

The number n, of photoelectrons entering the receiving slit of the spectro- 
meter from the radiator may be approximated by the multiple product 


n, = N,oPDAQ,, (1) 


where NV, is the number of y-rays emitted by the active source, w is the effective 
solid angle subtended by the radiator as viewed from the source, /)=/(f,) is a 
function taking into account the absorption of the y-rays in the absorber mounted 
between the source and the radiator, D is the effective thickness of the radiator, 
t is the coefficient of photoelectric absorption, §—(H,) is a function taking 
into account the angular distribution of photoelectrons and depending on the 
atomic number of the element of which the radiator is made, and (, is the ef- 
fective solid angle of the spectrometer for the given radiator geometry. 

Thus the number of detected photoelectrons is proportional to the number of 
y-rays and the coefficient of photoelectric absorption: 
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Ny = By (Ey) =Ny. (2) 


The instrument proportionality factor g.,(£y) depends on the geometry of the 
electron source and the instrument and on the energy of the y-radiation. 

It will be evident from Eq.(1) that the function g,(£) depends on the energy 
only through the factors P(E,) and 4(£,). With increasing energy of the y-rays 
their absorption in the absorber slowly decreases, while P(E.) increases, tending 
to a value close to unity. At the same time the angular distribution of the 
photoelectrons gradually narrows in the direction of motion of the photons and, 
consequently, the probability of the photoelectrons being within the receiving 
angle of the spectrometer increases, i.e., the function 4(E,) increases. In view 
of the above considerations, it may be assumed that in a wide energy range the 
proportionality factor yg. will be a slowly increasing function of Fy. 

The number of conversion electrons detected by the spectrometer is 


4 = ON. (3) 
The effective solid angles of the spectrometer for detecting conversion electrons 
({22.) and photoelectrons ({2,) may differ somewhat because of different instrument 
geometries and other factors. 
Obviously, the internal conversion coefficient «= JN,/N. is related with the 
measured quantities n, and n, by 


a= gr, : (4) 


where g differs from g, only by the constant factor 


: Q 
g(E~) = gy/Q. > wPDI—>+* (5) 


While the function g(H,) can be calculated, we deemed it more expedient to 
determine a series of values for it by means of calibration experiments using 
y-rays with well known conversion coefficients and then to plot an interpolation 
curve. Our reason for giving preference to empirical determination of g(/,) is 
that the theory of the photoeffect is as yet inadequately developed, particularly 
as regards the angular distribution of photoelectrons and the absolute values of 
the total absorption coefficient T. Calibration with reference to known conver- 
sion coefficients automatically allows for the angular distribution of photo- 
electrons and for deviations of the accepted (tabular?”) values of t from the true 
ones. Inasmuch as the possible divergences are not large, they do not have a 
strong influence on the value of g(/’,). The coefficient tT could be included in 
the function g(H,),but in this case the function would have a sharp variation 
with energy and for a reliable interpolation curve one would have to have a large 
number of calibration points. 

All the calibration measurements were carried out under rigorously identical 
geometric conditions, i.e., under the same conditions as the main measurements. 
In all cases we used one and the same photoelectron radiator. 

For purposes of calibration, we used the internal conversion coefficients 
of the 238.6 kev y-rays of ThB (F-line), 412 y-rays of Aul98 and 661.6 kev y-rays 
of Cs!37, The theoretical and average experimental values of Qx for the listed 
y-rays, according to the data in the literature, are summarized in Table 1. In 
the case of the ThB F-line, the experimental value - Q& = 0.66 + 0.03 - was ob- 
tained by averaging the results of many authors.© In addition, recently there 
have been carried out very careful measurements’,8 of the ratios of the Lj, La 
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Table 1 
Results of calibration experiments 


and L3 subshell conversion 
coefficients of the F-line 


Y-rays. It follows un- 
ambiguously from these 
measurements that the nu- 
clear transition in ques- 


Transition] Type Experimental |/Theoreti- 
kev| transi-lyajue of cal value 
energy, kev pen va % lof Oe 


ThB 0.66+-0,03 0.69 1.9-10-4 
Au) 0,0304-0.001 0.030 2.44074 tion is a magnetic dipole 
Cs187 0.10+-0.01 O.44 2,3-10-4 one. The possible admix- 


ture of E2 does not exceed 

1%. In view of this one 
can justifiably use the theoretical value of for a pure Ml transition for pur- 
poses of calibration. The value of d-(0.69) listed in the table is taken from 
the data of Sliv & Band’. 

There have been numerous investigations devoted to determination of the in- 
ternal conversion coefficient of the 412 kev y-rays of Aul98, It has been estab- 
lished10-12 that the multipole order of this transition is E2. The most probable 
experimental value = 0.030 + 0.001, agrees exactly with the theoretical value 


given by Sliv & Band’ for an E2 transition, namely, Q = 0.030. 
Ne ig 'f 
100 + 4 1,0 I 
a b 
50 as | 
. I 
Behe: 
1900 1400. 2100 2200 3300 3400 1300 +1400 2100 2200. + 3100 3200 


Hp, Cs-cr Hp, Gs cm 


Fig.1. Conversion electron (2) and photoelectron (b) spectra associated with the 
238.6 kev y-rays of ThB(I), 412 kev y-rays of Aul98 (II) and 661.5 kev y-rays of 
Csl137 (III). The background has been subtracted in all cases. 


WE) 10cm The internal conversion coefficient of 
j the 661.6 kev y-rays of Csl37 has also been 


determined by a number of investigators 
ee (Ref.10, 11 & 13). It has been firmly 


established that the multipole order of this 
transition is M4. The most probable experi- 
mental value of OQ is 0.10 + 0.01. For our 
calibration experiments we chose the theo- 
retical value: Q& = 0.11. 

Typical experimental conversion lines 
selected for our calibration experiments 
are shown in Fig.l,a. All the lines were 
normalized to the same height. The photo- 
electron lines associated with the same 


0 200 400 600 E,kev 


Fig.2. Calibration curve: variation 
of gasa function of the energy. 
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4 


y-rays are shown in Fig.1,b. The relative photopeak heights correspond to con- 
version lines of equal height. The vertical scales in Figs.1, a & b differ by 

a factor of 100. It should be noted that since a thin absorber was used in 

these experiments (to increase w) fast B-particles from Th (B+C+C') and Aul98 
penetrated the filter and gave rise to an appreciable background. In the case 

of Cs137 the background was much weaker. In subsequent experiments we used thick- 
er absorbers and the background due to B-particles was eliminated. 

The experimentally determined values of g(f,) for the selected y-rays are 
listed in Table 1. The results of the calibration experiments are plotted in 
Fig.2. As may have been expected the function g(#,.) varies slowly with the ener- 
gy, which justifies extrapolation of the curve to cover a rather wide energy 
range. 

The described procedure can also be used for measuring the relative intensi- 
ties of y-lines from observation of photoelectrons taking into account their angu- 
lar distribution. By simple substitution in Eq.(4), we obtain 


This relation was used for determining the relative intensities of y-rays emitted 
in the decay of Gd147 and Gal49, 


Measurement Results 


Very intense lines 
associated with nuclear 
transitions of 229, 370 
69 and 396 kev energy in 
Eul47 appear in the con- 
version electron spectrum 
of Gdl47, The relative 


600 intensities of the other 
transitions are appreci- 
wig 8 4-396 ably lower. 
Cd Bog? Likewise in the case 


of electron capture in 
Gd149, in addition to a 
number of relatively weak 
transitions in Eul49, 
there are excited three 
very intense transitions 
having energies of 150, 
298 and 346 kev. 


400 


2200 2300 2400 In the present in- 


"70001100 "1500. 100 1900 2000 2100 


Ap. Gs-cn vestigation we used the 
Fig.3. Spectrum of conversion electrons associated described procedure to 
with the principal y-rays of Gal47 and Gal49, determine the internal 


conversion coefficients 
for the enumerated principal transitions in Eul47 and Eul49, All the measure- 
ments were carried out under the same standard conditions as the calibartion 
experiments. 

The conversion electron lines corresponding to the principal nuclear transi- 
tions in Eul47 and Eul49 (from radioactive Gd147 and Gdl49) are shown in Fig.3. 
The counting rates are given in arbitrary units. The L-114 line of Gd146 and 
the L-298 and L-346 lines of Gdl49 appear in the spectrum on the side of the K-150 
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line and just to the left 
of the K-346 and K-396 
lines, respectively, but 
this, as will be obvious 
from the figure, does not 


> 


K-150 interfere with accurate 
ca™ determination of the in- 
5 tensity of the y-lines 
229 
eal”? under study. 


The photoelectron 
lines associated with the 
same Y-rays are shown in 
Fig.4. Here the K-229 
g K-346 and L-150 lines are not 
B Gd fully resolved owing to 
the rather great super- 
ficial density of the 
radiator (~1.6 mg/cm2 Bi). 
st Nevertheless, the intensi- 
1900 2000 2100 2200 ties of the individual 


L-15i 
Gd 


me! _ DMNMOIOOeed coo 
700 800 900 1200 1300 1600 1700 1800 


Mp,6scn dines can be determined 
Fig.4. Photoelectron spectra due to the principal with good accuracy inas- 
y-rays of Gdl47 and Gal49, much as the L-150 line 


(10-day Gd!49) can be 

measured after the Gdl47 
(36-hour) responsible for the K-229 line has completely decayed. The K-150 line 
has a half-width of 2.5%, inasmuch as the energy of its electrons is low (~60 kev) 
and they undergo appreciable slowing down in the radiator. The apparent intensity 
of the K-150 line may be reduced for this reason. 

The lines of higher energy have a half-width of 0.57%. 

The photoelectron lines are observed against an appreciable background due 
primarily to Compton electrons from the hard y-rays of Gal47, The background 
conditions in the measurements of the short-lived Gdl47 were somewhat worse than 
in the case of Gdl49, The latter was investigated after the decay of Gdl47, The 
experimentally determined internal conversion coefficients are compared in Table 
2 with the theoretical values for transitions of different types. The inferred 
multipole orders are listed in the last column. 


Table 2 
Multipole orders of nuclear transitions in Eul47 and Eul49 


‘i (Transi} Experi- Theoretical valucs of | Assign- 
Iso- |tion | Se YE Sad ben Se A 
ues ) 
tope energy. us Ob . 
kev OL E1 M1 E2 M2 I / 
! | . 


0,51 0),37 4:9 ‘i= Di ee 


| 

| / 

Eults 150 | 0,53-+-0,07 | 0,080 / 
0,15 | 0,10 0,74 0,36 Mi\ 

| 


Eu? | 229 | 0,16+0,02 | 0,027 


Eu! 298 |0,066+-0,007} 0,013 0,075 0,046 Wat ob Oi 13 | AT 


| 


Eul9 346 | 0,18-+0,02 | 0,0089 0,050 0,030 0,19 | 0,083 M?2 
Ful? 370 |0,051+0,01 | 0,0076 0,043 | 0,025 0,16 | 0,074 | M1 
Eu!47 396 | 0,154+-0,02 | 0,0067 0,035 0,021 0,13 0.062 M2 


The most interesting inference is that the 396 kev transition in Eul47 and 


the 346 kev transition in Eul49 are both M2. 
Our inferences regarding the multipole order assignments are substantiated 
by the data deduced from analysis of the conversion electron spectra of Ga147 
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and Gd149 in Refs.1, 2 & 3. In the cited investigations, the multipole order 
assignments were based on determination of the conversion coefficient ratios, 
primarily K/L. This method, however, does not always allow of making a defini- 
tive assignment. For example, one of the M2 type transitions referred to above 
could readily have been interpreted as a mixture of Ml + E2. Thus our method of 
determining the multipole order from the absolute value of the conversion coef- 
ficient proved to be decisive in this case. 

As noted above, we also determined the relative intensities of the y-rays 
from Gd147 and Gal49, The relative intensities obtained in the present investi- 
gation are compared with the data of Rasmussen and his co-workers! in Table 3. 

It will be seen that the values for Gdl49 giffer 


Table 3 appreciably and that the divergence exceeds the 
Relative intensities limits of the experimental error. This may be 


of Gd147 and Gal49 y-rays partially connected with inaccuracy in taking in- 
to account the absorption of photoelectrons in 
Iso | Transi-| Relative intensity the radiator in the case of the soft 150 kev 7- 
tope ana Mais rae: eae rays. The photoelectrons from the K shell of 

?|Ref.1 {Our data bismuth for the indicated line have an energy of 
- ‘ 60 kev; admittedly the radiator used in the ex- 
periments is too thick for such electrons. On 
the other hand, the divergence may also be parti- 
ally connected with the relatively low resolution 
of the scintillation spectrometer used in the 
work of Rasmussen and his co-workers for deter- 
eee mining the relative y-ray intensities. 


CeCe 22924 24 2.140,2 
370 0.44 | 0.484-0,05 
1 


Gadi 150 | 


Discussion 


Knowing the multipole orders of the principal transitions in Eul47 and Eul49, 
we can construct the skeletal decay schemesfor Gd147 and Gal49, 

The Eul47 and Eul49 nuclei have an odd number of protons (Z = 63) and an 
even number of neutrons (84 and 86, respectively). Inasmuch as the number of 
neutrons is less than the critical number 89, marking the transition from spheri- 
cal to elongated nuclei, it may be assumed that the Eu nuclei under study are 
spherical and hence are characterized by the Mayer model. According to the Mayer 
scheme, the ground states of Eul47 and Eul49 have the configurations 8, or ds... 
Among the excited levels there must be a /ii:,, level. Comparing the relative in- 
tensities and multipole orders of the principal transitions, we infer that the 
most intense transitions in Eul47 and Eul49 of type Ml with energies of 229 and 
150 kev and the M2 transitions with energies of 396 and 346 kev, respectively, 
occur in cascade and are situated in the decay schemes as shown in Fig.5. It 
‘must be emphasized that the indicated interpretation of the low-lying levels of 
Eul47 and Eul49 hinges upon the multipole order assignments and intensities 
established in this investigation inasmuch as certain other level characteristics 
would also be consistent with the Mayer model. 

The arrangement of the two principal transitions illustrated in Fig.5 is 
substantiated by the fact that there are observed E3 type cross-over transitions 
with energies of 625 kev (Eul47) and 497 kev (Eul49) from the upper /, level 
to the d., ground state.2,3 Further confirmation is furnished by coincidence 
measurements! »14 proving the simultaneity of the inferred cascade transitions 
in the case of both Eul47 and Eu!49, 

Regarding the Ml (or Ml + E2) 370 and 298 kev transitions, it may be as- 
sumed that they go from higher-lying levels to the fa, levels. The character- 
istics of these higher-lying levels are apparently 9/2 or 11/2. There are, how- 
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ever, certain objections to this hypothesis.2 It must also 
be noted that the introduction of these hypothetical depart- 
ure levels cannot be explained within the framework of the 
Mayer model inasmuch as there are no levels with such high 
spin values in the shell in question. 

It is interesting to compare the schemes for the princi- 
pal transitions and associated low-lying levels in Eul47 and 
Eul49 with corresponding schemes for Eul5l and Eul53 (Fig. 
6).15 The first three isotopes - Eul47, Eul49 & Eul5l - 
have less than the critical number (89) of neutrons. All 


Eu, fu? these nuclei have a system of low-lying levels fully consist- 
Fig.5. Diagram of ent with the Mayer scheme. The similarity of the level sys- 
principal transi- tematics will be evident from a glance at Fig.6. The charac- 
tions in Eul47 and teristic difference is only that the separation between the 
Eul49, levels decreases as we go from the nucleus with a closed neu- 


tron shell toward the region of elongated nuclei. The energy 
of the first level, equal to 229 kev for Eul47, decreases to 150 kev in Eul49 and 
drops to only 22 kev in the case of Eul5l, 4A similar situation obtains for the 
hun, level: in going from Eul47 to Eul5l, its energy decreases from 625 to 497 
and then to 197 kev. As will be evident from the energies of the corresponding 
transitions, the energy differences between the levels also decrease. 


994 (9/2, 12) 


Mt 196 (Y/2. 12’) 
626 hy, 3 
496 h 
&3 M2 6 hung 
M2 
&3 
229 In 
150 Yy, 
M1 Mt 2 
Od 0 ds 
147 ve E 149 ‘- 
Paaiey 63° 96 


Fig.6. Variation in the arrangement of the low-lying levels in going from spheri- 
cal nuclei (Eul47, Eul49 & Eul5l) to elongated ones (Eul53). 


In the case of Eul53, which has more than the critical number of neutrons 
(90), the system of levels is described by Nilsson's scheme rather than that of 
Mayer; this nucleus is known to have two rotational states with energies of 84 
and 194 kev. It is, undoubtedly, an elongated nucleus. 

The level diagrams shown in Fig.6 illustrate the character of the variations 
occurring in going from spherical to elongated nuclei. 

We desire to express our gratitude to V.P.Dzhelepov, Director of the Labora- 
tory of Nuclear Problems at the Joint Institute for Nuclear Research and the crew 
of the synchrocyclotron for irradiation of the tantalum samples. 
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As’3 CONVERSION ELECTRON SPECTRUM 
- E.P.Grigor'ev, B.S.Dzhelepov, A.V.Zolotavin & V.Ia.Mishin 


The principal features of the decay scheme of As’3 are now known: Fig.1 
shows the decay scheme proposed by Welker et all and elaborated by Barloutaud 
and his co-workers2;3 and Trail & Johnson*. We carried out an investigation 
of the conversion electron spectrum of As?’3 on a B-spectrometer® with a resolu- 
tion of 0.4%. The As?’3 source was obtained by irradiation of natural germanium 
with 10.8 Mev deuterons and in addition to As’3 contained residues of As’4. The 
preparation and purification procedure is described in Ref.6. 

Inasmuch as the conversion lines of As’3 rise high above the continuous spec- 


73 
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Fig.l. Decay scheme for As/@73. 


version lines of the 13.5 
kev transition. 


trum of As’4, the latter did not interfere with 
study of the As?’3 spectrum. The high specific 
activity of our material made it feasible to pre- 
pare comparatively thin sources; the electron ab- 
sorption in the source was very small. Control 
experiments with a.source one eighth the thickness 
showed that the absorption does not exceed 2-5% 
for 12 kev electrons. The counter window intro- 
duced an appreciable distortion as regards the in- 
tensity of the 12 and 50 kev lines. The film form- 
ing the counter window passed electrons from 8 kev 
energy and it was necessary to introduce a very ap- 
preciable correction for the 12 kev line. 

We detected conversion lines only from the two 
transitions indicated in Fig.l. Specifically, we 
determined the energies and relative intensities of 
the L and (M + N) lines of the 13.5 kev transition 
(Fig.2) and the K, L and (M + N) lines of the 52.8 
kev transition (Fig.3). Our results are juxtaposed 
with those of Johansson’ in Table 1. It will be 
seen that there is good agreement as regards the 
transitions energies and only minor divergences as 
regards the line intensities. 
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Fig.3. K, L and (M + N) conversion lines of 
the 52.8 kev transition. 
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Table l 
Energies and relative intensities of As’3 conversion lines 


results Johansson's data’ 
Lines 
Ee hy I, E. | hy I, 
L 3 7,244* | 12,1 |) | 8,3 
1 ’ 5 4, ; 5 ’ 
M, +N, | 13,4 \ 13,5$0,5 | 4°44 0,2 | 13:3 | ¢ 195+0,3 115 
Ks 44,8 10,0 4216 10,0 
‘ 135 | 52,8:40,5 1,39+0,05 | 52/7 | } 53,940,5 
M.+N, | 52:6 0/2207 01 \ 1,7940,10 
Ks 81 <i0-3 | 75 8148 10-2 
Ky 66,3 <10-4 


* The uncertainties in determining L,/(M, + N1) are appreciably smaller: 


The Kg, Lg and (Mj + Ng) lines (52.8 kev transition) were well resolved in 
our work, so that we could determine the individual intensities of the Lg and 
(Mg + Ng) lines. The good resolution and low statistical uncertainty (under 1%) 
attained in our experiments allowed us to indicate the intensities with better 
accuracy. 

Under our conditions, we should have been able to detect the lines associ- 
ated with the 81 + 8 kev transition evén if it were 10 times weaker than reported 
by Johansson7, but we were unable to detect any lines associated with a transi- 
tion of this energy. 

Using a 70 times stronger source, we carefully searched the background in 
the vicinity of the (My + No) line for the purpose of obtaining evidence of a 
crossover transition (~66 kev) from the second excited level to the ground state. 
Again, we failed to detect this activity. The upper bound for the intensity of 
the corresponding K line is indicated in Table l. 


Discussion 


Table 2 1. Our results allow of making more definite 
Conversion coefficients for the the assignment for the 52.8 kev transition. In- 
52.8 kev transition (Z = 32). asmuch as there are as yet no precise theoretical 
L shell conversion coefficients for low energies 
and the values of Z in question, we compared our 
experimental Ko/Ly ratio with the values obtained 
by extrapolation of the coefficients calculated 
by Sliv & Band. The comparative data are listed 
in Table 2, which shows that on the basis of K/L 
and OQ, values one can eliminate all assignments 
except M2. 
2. Let us consider now the possible assign- 
ments for the second excited level of Ge?’3 in 
the light of the As73 decay scheme. The ground 
state of this nucleus is probably /,. This as- 
signment is predicted by Mayer's scheme which is 
known to be valid for a number of nuclei with 
odd-A and 31 or 33 protons or neutrons, namely GajZ3, As{3, Asif, cr, Fe3/, 


59 57 61, 
Nin? Fe-3’ and Ni33 
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Evaluation of log ft for the electron capture on the basis of the disintegra- 
tion energy and lifetime of As?3 yields log ft =.5.5. This value is typical for 
allowed transitions; whence it follows that the Ge?’3 could be Py Py, OF fr, 

On the other hand, the 13.5 kev transition on the basis of the lifetime of the 
13.5 kev level in Ge?3 and the Ox and K/L values must be classified as E2 or 
E2+Ml. Inasmuch as the ground state of Ge?3 is 9/2+, this leaves only the 5/2+ 
and 7/2+ assignments for the 13.5 kev state of Ge’3, Since as we have unambigu- 
ously identified the 52.8 kev transition as M2, there remain for the 66.3 kev 
level in Ge?3 only the assignments 1/2- and 3/2-, the 5/2- possibility being ex- 
cluded. 

Now let us consider the competition of the 66.3 and 52.8 transitions with the 
alternate 1/2- and 3/2- assignments for the Ge?3 66.3 kev level. In Table 3 we 
give the upper bound for the ratio of the intensities of the K conversion lines 
associated with the 66.3 and 52.8 kev transitions and, for comparison, the same 
ratio calculated according to Weisskopf's formula on the assumption that the 
multipole order of the 66.3 kev transition is E3 or M4. 

An unambiguous deduction from the tabulated 
Table 3 values is not feasible. It should be borne in 
Intensity ratio of the K con- mind, however, that the 52.8 kev transition is 
version lines of the 66.3 and retarded by four orders of magnitude: this is 
52.8 kev transitions (theoreti- evident from a comparison of the lifetimes, i.e., 
cal values computed on the as- the experimental lifetime and the theoretical 
sumption that the 66.3 kev one calculated according to Weisskopf. Such a 
transition is either E3 or M4) slowing down may be connected with one of the 
levels being a collective one and the other a 


| Theoretical single particle one; probably the collective lev- 
Experi-|____ @1_ is the Ge73 13.5 kev level and the 13.5 kev 
menal | (ES "st) | Me *e~*ls*) transition is a greatly retarded Ml type transi- 
tion. If this is the case, the theoretical value 
<10-5 | ~A0-5 | 10-13 in Table 3 should be increased by a factor of 104, 


after which comparison with experiment proves to 
be more favorable for the 1/2- assignment. 
3. Of intrinsic interest is the value of 

L/(M + N) obtained by us for the 52.8 kev transition, for there are few such val- 
ues for M2 transitions in the literature.® Our value of 6.2 + 0.5 for. this trans- 
ition differs greatly from L/(M + N) x 3 reported for other multipole orders. 
The value of L/(M + N) = 6.3 obtained for the 13.5 kev transition is also higher 
than the average value for E2 transitions (it must be noted, however, that very 
few L/(M + N) ratios have been determined in the given energy region). 

4. The presence of the two isotopes As’3 and As?4 in our source material 
made it possible to compare their relative amounts at the time of measurement 
and to calculate the ratio of their yields in the nuclear reaction. The ratio 
of the number of K conversion electrons from the 52.8 kev transition in As73 
to the number of conversion electrons from the 596 kev transition in As?4 at 
the time of measurement equalled 185. Using the decay scheme for As’4 given in 
Ref.6 and taking the number of K conversion electrons from the 52.8 kev transi- 
tion as 8.2 per decay, we find that the reaction yield of As?3 amounts to 0.8 + 
+ 0.3 of the yield of As74. 

We desire to thak B.M.Isaev, I.P.Selinov, E.E.Baroni & E.N.Khaprov for 
assistance in the work. 


Scientific Research Physical Institute, 
Leningrad State University 
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CONVERSION ELECTRON SPECTRUM OF THE CERIUM FRACTION FROM THE 
SPALLATION PRODUCT OF Ta 
- B.S.Dzhelepov, B.K.Preobrazhenskii, I.M.Rogachev & P.A.Tishkin 


The cerium fraction, obtained as a result of chromatographic separation of 
the products of spallation of Ta, was applied to a lightly aluminized collodion 
film. The diameter of the active spot was 3-4 mm. The electron spectrum of the 
cerium fraction was measured on two instruments: in the range from 30 kev up on 
a single magnetic lens B-spectrometer with improved focusing (relative line half- 
width 1.4%)and in the region of low energies on a magnetic lens B-spectrometer 
with particle acceleration. This spectrometer had a counter with a window made 
of thin collodion film which passed electrons having energies > 2-2.5 kev. 

The activity of the cerium fraction in all the sources, obtained by irradi- 
ation at different times, was relatively low; the counting rate at the most in- 
tense conversion line at the beginning of measurement did not exceed 900 pulses/ 
/min. 
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Fig.l. High energy region of the cerium fraction conversion electron 
spectrum. 


The experimental conver- 
sion spectrum is shown in 
Figs.1 & 2; the line energies, 
inferred identifications and 
relative intensities are listed 
in Table 1. The 15 detected 
electron lines fall into three 
groups according to their de- 
cay periods. 

1. The intensity of the 
126.2 and 159.1 kev electron 
lines fell off very slowly; 
these lines are apparently 
due to the K and (L + M) con- 
version electrons of the well- 
known 165 kev transition in 
Cel39 which has a half-life 
Fig.2. Spectrum of conversion and Auger elec- of 140 days.! Our experimental 


trons from the cerium fraction; low energy intensity ratio, K/(L + M) = 
region. = 8.1 + 0.5, is consistent with 


the Ml assignment2,3 for this 
165 kev transition. 
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Table 1 
Conversion and Auger electron lines in the speétrum of the cerium fraction 


| Half-life, 


Hp 
Gs-cM hrs 


No. Tdenti fication 


1 212 4,0-+40,3 L—MM, L-10 = * 

2 318 9,0-+0,3 M-A0 , Ma 

3 560 27,0-0,5 K—LE = _ 

4 612 32,0-£2,0 K—LM as oa 

5 765 49,1-£0,5 K-88 19,9 94410 
6 994 80,5+1,0 L-88 17,944 ,0 56-+6 

7 1064 91,444 ,0 K-130 17,845 9,542 
8 1270 126,1+1,0 K-165 Ce139 \ L 2442 

9 1446 159,1+1,0 | (L+M)-165 Ce! ong 3,0-£0,5 
10 1484 | 166,5+1,0 K-205 16,9+0,3 3243 
11 1658 201 83,0 (L + M)-205 ass 7,3+0,8 
12 1740 212,844 0 K-252 33,0-40,3 67-5 
13 1772 226,1--1,0 K-265 16,7+0,5 100 
44 1872 248-43 (L + M)-252 36,0-+3,0 2743 
15 1926 | 260-41 (L + M)-265 17,7+1,0 4445 
16 2070 | . 2932 (L + M)-299 19,543,0 4,444 


2. The intensity of the 212.8 and 248 kev conversion lines fell off with a 
period of 33 hours; they can be identified as the K and (L + M) conversion lines 
of a 252 kev y-transition. The experimental value of K/(L + M) ratio indicates 
that this transition is E3 (see Table 2). 

Cel37 has an isomeric state with an energy of 256 kev and a half-life of 
34.5 hours.? In view of the closeness of the energy, half-life and multipole 
order of the transition observed by us with the corresponding characteristics 
of the isomeric transition in Cel37, we are inclined to attribute the 33-hour 
activity to Cel37, 

We failed to detect conversion electrons from the 445 kev transition ob- 
served in Cel37 by Brosi & Ketelle?, which is not surprising in view of the weak 
activity of our source and the low intensity of this transition: according to 
the decay scheme proposed by Brosi & Ketelle,the relative intensity of this 
transition is only 3%. — 

The electron line with 9 kev energy apparently appears as a result of con- 
version on the M shell of the 10 kev y-Yrays discovered by Brosi & Ketelle.’ The 
L conversion electrons of the 10 kev y-transition should appear in the region 
of the L-MM Auger electrons. 

Our data are not in conflict with the decay scheme proposed by Brosi & Ket- 
elle. 

3. The intensity of the other lines listed in the table fell off with a 
period of 17 hours. The intense 226 and 260 kev electron lines are due to the 
K and (L + M) conversion electrons of a 265 kev transition. According to Kurba- 
tov et al8, the isomeric transition in Bal35 (28.7 hours) has a close energy, 
namely, 269 kev, and could occur in the decay of Cel35; 


™m Ye" Bal35 (stable). 
28.7 hrs 


135__EC _.,4135___EC 135 
caMcaiiegs °° 10 brs 


However, careful observation of the counting rate at the conversion lines 
showed no indication of any increase of the period above 17 hours; hence the de- 
tected 265 kev y-transition cannot be attributed to the isomeric state of Bal35, 
According to our evaluation K/(L + M) = 2.27 and the assignment for the 265 kev 
transition is E3. 
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sy The weak conversion line of 293 
Ps > z +. kev energy may be interpreted as 
au Ss = Few being due to conversion of a 299 kev 
d 8 = = +4 re i y-transition on the (L + M) shells, 
| & g e ny = = for if this line were due to K conver- 
im “Oo ts sion electrons there should also ex- 
a a 2 fey i ist an L line at about 326 kev, yet 
© a os os not indications of a line at this 
Q rin, energy were evident. 
2 Fa 2a 2 2 The K line from the 299 kev 
La ECA aa transition should be located between 
a ‘ TG eee the strong L lines associated with 
* 2 eS the 252 and 265 kev transitions; in 
12) ont NOM . 
=) “, some series of measurements we ob- 
‘0 2 oS 8A 4 % served a small rise between these 
a fe 2 ee lines. In addition, the 293 kev line 
es * 2.2828 2 ¢d is asymmetric: its right hand side 
9 rt won 1 on ow é is flatter, which indicates the pos- 
a © > sible surposition of M electrons of 
oul « a 8S&&A '® a lower intensity conversion on the 
ea PS ea - = “ L electrons. 
ee g The 49.1 and 80.5 kev electron 
ae f 2 Es 2 B S S lines may be identified as the K and 
6 9 crew ts 4ah at gi (L + M) conversion electron lines of 
eo « + an 88 kev y-transition. The experi- 
ag a ‘J mental line intensities listed in 
pe pe Som no = §& Table 1 have been corrected for ab- 
on a ; sorption in the counter window. 
a © 5 Comparison of the experimental 
ae) og 8556 8 oo K/(L + M) ratio (1.62) with the theo- 
@ ba om NN 4% retical value for K/L indicates that 
PR ety ~ the 88 kev transition is probably E2. 
a) CT ee & We identify the 166.5 and 201.8 kev 
F ~- oO iD ro) 
Si Be ark, en ae . conversion lines as being due to a 
© xs a 205 kev transition. 
° Eee oe = We also detected a weak line at 
é s “+O CAS # 91.4 kev and inferred that it is due 
Pde ae S to the K electrons of a 130 kev tran- 
g sition. 
o| 3 Sa @ 2S rel On the basis of the above data 
4 x non oO AN & it is still impossible to assign the 
et A "17-hour" lines to any definite Ce 
4 ) isotope or its daughters or to indi- 
2]. & Sem Se & cate even a tentative decay scheme. 
5 a Si $, Si F, S, 4 We wish to express our gratitude 
%| 3 go eo So to the crew of the Joint Institute 
g a Sin ge ee @ for Nuclear Research synchrocyclotron 
‘| for irradiation of the tantalum tar- 
¢ Ss b get and to I.A,.Iutlandov for assist- 
Sah pees 6 = ance in preparing the source. 
T5988 B45 
~n oO, 
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CONVERSION ELECTRON SPECTRA OF SOME NEUTRON-DEFICIENT Ho AND Er ISOTOPES 
- I.8.Dneprovskii & G.M.Kolesov 


The conversion spectra of neutron-deficient isotopes of Ho and Er have been 
studied by a number of investigators.1-5 Cork! and Dzhelepov and his co-workers 
(Ref.2,3) investigated 30-hour HolS1, wNihelich, Harmatz & Handley4 studied the 
spectra of a number of isotopes but only up to about 300 kev. Handley & Olson5 
recorded the ¥y-radiation from Erl61 by means of a scintillation spectrometer. 

The present work was devoted to an investigation of the conversion spectra 
of the erbium isotopes that form in the spallation reaction on tantalum bombarded 
by high energy (660 Mev) protons. The tantalum target was irradiated for 10 min 
in the internal beam of the Joint Institute for Nuclear Research synchrocyclotron; 
following irradiation the group of rare earth elements was separated from the 
target chemically and then these elements were in turn separated in an ion ex- 
change column by the procedure described in Ref.6. 

Drops with maximum activity were taken from the erbium extract and evapo- 
rated to drive off the ammonium lactate; then the residue, dissolved in one drop 
of acetic acid (1:5) was applied to an aluminum strip measuring 20 x 1 x 0.005 mn. 

The time from irradiation to extraction of the erbium fraction from the ex- 
change column was 2-2.5 hours; the subsequent source preparation time did not 
exceed 30 min. 

The absence of the characteristic lines of thulium, which was studied in de- 
tail under similar experimental conditions by Gromov et al’, gave reason to as- 
sume that the purity of the source was satisfactory. 

The measurements were carried out on a x/2 focusing angle B-spectrometer de- 
signed and constructed at the "Fizpribor" Plant. The radius of the central elec-- 
tron trajectory was 22.5 cm. The relative half-width of the Cs!37 (661.6 kev y- 
ray) conversion line with a solid angle of ~0.6% of 4x was 0.4% for a 1 mm wide 
source. The vacuum in the spectrometer chamber was maintained at 5+10-5 mm Hg. 

The magnetic field was measured by means of magnetometer operating on the 
principle of interaction between a light coil suspended on a horizontal axis and 
the measured magnetic field. Use of the magnetometer made the measurements inde- 
pendent of the magnetic state of the magnet iron and insured the operative condi- 
tions necessary for the investigation of isotopes with a half-life of several 
hours; the sensitivity of the magnetometer was 0.02% of the magnetic field inten- 
sity per scale division. The spectrometer was calibrated with reference to the 
standard conversion lines of ThB, Au/98 and Ccs!37, ‘The high energy electrons 
were detected by an end-window counter with a mica window having a transmission 
threshold of ~30 kev. In investigating the soft region of the spectra we used 
a cylindrical GM counter with a collodion window having a transmission threshold 
of ~5 kev. 

Analyzing the recorded spectra, we can distinguish four groups of lines with 
periods of ~30, 3.5, 2.5 and 1 hours. 


T1/2 = 30 hours 


The experimental data on the ~30 hour lines (Table 1) are in satisfactory 
agreement with the results of Dzhelepov and his co-workers2,3, in view of which 
they can be safely attributed to transitions following the decay of Hol60, a 
daughter of Er160, 

It was not our purpose to investigate the spectrum of this isotope since 
it was thoroughly investigated by the Dzhelepov group2,3; it may be noted, how- 
ever, that despite the brief irradiation of the tantalum, the spectrum was clear- 
ly evinced and we could readily identify the lines. Thus we observed the lines 
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Table 1 associated with the most intense 
Experimental results for the conversion transitions of 87, 196, 646 and 
lines of Ho1l60 728 kev. The 108 kev transition 
FRESE ae was not specially investigated and 
Sey ye cation By, kev intenai ey in our experiments the lines as- 
: —— sociated with it were not clearly 
evinced owing to the masking effect 
50,6+0,2 1411-99 59,5 
Bt ot0'2 gee og 5a of intense lines from shorter-lived 
57 ,0-40,2 M-59 =~ ne isotopes. 
78,0+0,2 Li+11-87 86,8 
78,940,2 Li11-87 867 | ¢ 1100100 
85,1+0,2 M-87 87,1 = T)/2 x 3.5 hours 
85,9-+0,3 N-87 at as 
© C ( © o c 
188°40°6 pee seid < An erbium isotope decaying 
195,4+0,5 M-196 — | sm with this period was discovered by 
835 (54110 1.6'65 649,86 | 9140.2 Handley & Olson® who in their scin- 
674,34+1,0 K-728 728,1 | 6,940,3  tillation spectrometer measurements 
714,7+3,0 L728 — — observed y-rays having energies of 
195, 824 and 1120 kev; they also 
note the possible existence of 7- 
Table 2 rays of about 65 kev energy. Mitchel 
Experimental results for the conversion & Templeton® determined the mass 
lines of Erl6l number of this isotope from the 
eg ne Identifi- |p ey ives ote flight time in a mass spectrometer; 
energy, kev cation oe intensity it equals 161. It may be assumed 
i that the lines falling off with this 
= iod in our spectrum may pertain 
57,84+0,2 | Li +Li1-6 67,0 fan Bs: 
38°84.0'2 Pie 3 ; - 66.9 \ 290+50 to transitions following the decay 
een M-67 -— 90+10 of Erl6l and its daughter Holl, 
155,2+0,3 K-210 210,8 100 
201°7£0'6 L-210 ee 130-413 Analyzing our data, we can dis- 
209 ,1+0,6 M-210 _~ 50-5 tinguish a group of lines (Fig.l & 
210,0+0,6 N- 210 210,4 14+1 
770 ,9+0,8 K-826 826 ,5 2043 Table 2) associated with transitions 
818,0--1,0 L-826 ad 4+0,5 occurring in a nucleus with Z = 67, 
824,9+1,0 M-826 — ~0,5 as follows from a comparison of the 
theoretical and experimental data on 
\ the differences K - M, K - L and 
Table 3 Liir - M. 
(LI - Lyy)/Lyyzz ratio for the From the data of Table 3 we 
67.0 kev transition can establish the presence of the 
transitions in Hol6l with energies 
Theoretical of 67.0 + 0.1, 210 + 0.2 and 826.5 + 
pereremenvalt | Ss | a | i | - | m3 + 0.5 kev. As a result of resolu- 


tion of the total L peak of the 67.0 
| kev transition, we determined the 
Race” | 4.00 | 1,25 | 0,85 | a 0 | 4,15 | 0,70 yatio of intensities of the bg = Uyy 
and Lit lines. The approximate 
value is 1.2 (probable uncertainty 
+0.5). Comparison of this value 
with the theoretical ratio (Table 3) indicates that the most probable assignment 
for this transition is E2, although one cannot fully exclude the possibility of 
E2 + M3 or M2 + E3. 

The 210.6 kev transition is of particular interest. It follows from the 
data of Table 4 that this transition is E3. The difference between the experi- 
mental and theoretical values of K/L (0.75 and 0.95, respectively) may be due to 
inaccuracy of the theoretical value. Evidence in favor of this assignment is the 
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Fig.1. Conversion lines of Erl6l; a) 
K line of 210.6 kev transition, b) 


L and M lines of 210.6 kev transition, 
c) conversion lines of 67.0 kev trans- 


ition, d) conversion lines of 826.5 
kev transition. 


Table 4 
K/L and (Ly - Lyp/Lyry ratios for the 210.6 kev 


transition 


Theoretical 


Table 5 
Experimental results for the 
conversion lines of Hol61l 


excellent agreement of our K/L ratio for 
the 210.6 kev transition with the experi- 
mental values of K/L found by Gromov et 
al? and Mihelich et al4 for the 208 kev 
transition in Er!67 for which the assign- 
ment is E3. Gromov et al give K/L = 0.71; 
Mihelich et al ~0.75. The experimental 
value of (Ly + Lyyp)/Lyzy determined by 
Mihelich et al4 for the 208 kev transition 
in Er1§7 is 1.5 which is also in agree- 
ment with our value of 1.7 for the 210.6 
kev transition. Thus it may safely be 
asserted that Hol61 has an isomeric E3 
transition with an energy of 210.6 kev. 

As follows from the work of Mottelson & 
Nilsson’, the ground state of Hol§l must 
have the same spin as that of Hol65 inas-: 
much as both nuclei have an even number 
of neutrons and 67 protons. In this case 
the sequence of levels in deformed nuclei 
given by Mottelson & Nilsson serves to 
explain the existence of the Hol61l isomer. 
This isomeric transition is apparently a 
transition between levels with spins 1/2+ 
and 7/2-. 

On the basis of the data in the 
literature!,4, and the results of our 
measurements, it may be assumed that the 
lines listed in Table 5 are associated 
with transitions following the decay of 
Hol61 in equilibrium with Erl61, Owing 
to the overlapping of the 
lines, we were not able 
to make an accurate eval- 
uation of their intensi- 
ties. 

We also observed 
three fairly clear lines 
at 62.0, 62.9 and 164.2 
kev. The first two can 
be identified as the L 
and M lines of a 71 kev 
transition, but it is 
difficult to decide in 


what nucleus this transition occurs. 
So far we have not been able to identify 


the 164.2 kev line. 


Tj (2. = 2.5 hours 


We identified the group of lines listed in 
Table 6 and shown in Fig.2 as lines associated 
with a 98.6 kev transition. 
from the decay curve in Fig.3 equals 2.4 + 0.1 
hours. 


The value deduced 


wt SE) 


Table 6 
. Experimental results for the conversion 
ib lines with a period of 2.5 hours 
| (L,+Ly)-98 Transi 
x Electron : : ransl— 
) Sesirn| tac| oy | is 
y | kev kev Snereys 
; | kev 
4 § 4) 17-98 | 
; 44,940,141} K-98 98,7 
{ i 89,8+0,1] L,,1,-98| 98,6 
: 1 90,8+0,1) L-98 | 98,6 98,6 
yi R M-98 96,7+0,1|  M-98 = 
2 iH 98 ,2+0,1 N-98 98 6 
ii 
Mi Table 7 
Lhe ees (Ly + Lyyz)/Lyyzz ratio for the 98.6 kev 
/ 18 4% transition 
ee 
\ % ey Theoretical 
1040 1060 Hp, @s-cr ape 
&§ | Ei | £2 | £3 | mt | m2 | m3 
Fig.2. Conversion lines associated —— 
with the 98.6 kev transition. | | | 
; 1,87 | 4,3 | 1,3.| 1,7 | 105 | 6,4 | 1,45 
log N : 
5,0 


From a comparison of the experiment- 
al and theoretical differences K - Lyyy, 
K - M and K - N, it may be inferred that 
the 98.6 kev transition occurs in a nucle- 
30 us with Z = 66 (Dy). From a comparison 
of the experimental and theoretical values 
of (Ly + Lip) /Lyryz (Table 7), it would 
appear probable that this transition is 
E3, although the E2 + Ml assignment can- 


0 10 20 t, hrs. 
not be ruled out. 
Fig.3. Decay curve for the conversion _Hol61 is known to have a half-life 
lines of the 98.6 kev transition. of 2.5 hours. One cannot, however, at- 


. tribute the 98.6 kev transition to this 
isotope inasmuch as under our experimental conditions there should have been in 
this case a period of 3.5 hours (Erl 61), We believe it preferable to hypothe- 
size the existence of an Er isotope with a half-life of 2.5 hours. 


Ti/2 = 1 hour 


We observed a number of lines falling off in intensity with a period of 
about 1 hour. It must be noted, however, that it is difficult to investigate - 
such lines on a spectrometer of the type employed. We were able to establish 
only the existence of the three lines shown in Fig.4 (data in Table 8) with 
reasonable reliability. 

We associate these lines with a 138 kev transition; a transition of this 
energy was identified by Mihelich et al* as a transition following the decay of 
Hol5e, It may be inferred, therefore, that the above mentioned lines owe their 
origin to this isotope. 

From the value of (Lz - Ly;)/Lyzz for the 138 kev transition, found by 
resolution of the L peak, it may be inferred that the assignment for this trans- 
ition is E2 (Table 9). This, too, is assignment given by Mihelich et al. 
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Table 8 
Experimental results for the conversion lines 
’ with a period of ~1 hour. 


Relative 
intensity 


Identi fi- 
cation 


Electron 
energy, 
kev 


By, kev 


129,5-60,3 fatea-to | aa. 
130,3+0,4 Evry 108 100 {38,2 
135 ,9--0 54 M-138 | ~20 


Table 9 
(Ly + Lyy)/Lyyzz ratio for the 138 kev transition 


Theoretical 
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RADIATION FROM Eul55 
- M.P.Gazunov & B.F.Gulev 


Introduction 


Investigation of the B- and y-spectra of Eul55 is both of theoretical and 
practical interest. This odd-even nucleus lies in the transition region between 
spherical and deformed nuclei, hence study of its y-transitions and determina- 
tion of their multipole orders and relative intensities may be useful from the 
standpoint of developing and testing nuclear models. 

The relatively low energy of the y-radiation and comparatively long half- 
life of Eul55 make it a useful source of soft y-rays in materiology and medi- 
cine. The period of Eul55 is 1.7 years; it converts by B-decay to Gdl55, The 
results of previous investigationsl-7 of Eul55 radiation are conflicting. 

In our work we used Eul55 separated from the fission fragments of uranium. 
The initial concentrate was prepared six and a half years ago. For preparation 
of the source, the material was carefully purified to free it of radioactive and 
stable impurities. 


1. Investigation of the B-spectrum of Eul55 


The B-spectrum and conversion electron spectrum of Eul55 were studied on a 
combined B-y spectrometer’. The resolution of the instrument with a source and 
slit width of 0.8 mm and height of 2 cm is 0.7%. The sources were deposited on 
2 uw thick aluminum foils. The window of the counter chamber was covered with a 
collodion film having a thickness of ~40 jig/cm2, The instrument was calibrated 
with reference to the standard lines of Csl137, co60 and zn65, In the low energy 
region we tied in our calibration with the well resolved 87 kev y-line of Eul5s, 

The spectrum of Eul55 was recorded several 


Table 1 times over a period of 8 months. Plotting the 
B-radiation from Eul55 continuous spectrum in Fermi-Kurie coordinates 


brought out five partial B-spectra (see figure). 
We attributed the spectra with end-point ener- 
gies of 140 + 5, 185 + 5 and 245 + 5 kev and 

_ intensities of 58, 39 and 4%, respectively, to 
140-+-5 58 7,1 Eul55, The spectra with end-point energies of 
185-5 39 252 Our 340 + 5 and 800 + 20 kev and intensities of 5 
245-5 3 8, and 7%, respectively, belong to Eul54 which was 
present as an impurity in our source material. 


280 | na an Ref.1 The end-point energies of two of the parti- 
; — al spectra of Eut5S are in good agreement with 

oo - He Ref.4 the data of other authors. The component with 
P2: end-point energy 185 + 5 kev had not been pre- 

1504-10 7 7,9 Ref,5  Wiously detected. The distribution of intensi- 

2a0-10 23 | 1,2 ; ties of the partial spectra, however, does not 

2 eh a agree with the data of other investigators. 

oa | ris ee Ref.6 Our results are compared with those of other 


240 
authors in Table l. 


It may be inferred from the log ft values 
and the shape of the B-spectra that the continuous B-spectra of Eul55 are once 
forbidden. The log ft values were calculated according to MoszkowskiY. 


ot: ‘eo gl taaval Oe 
1» faenl Jud oy 0t@ | ¢ 
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2. Conversion electron 


\ua, : spectrum and y-spectrum 
ie of Eu 


On the basis of repeated 
investigations of the conver- 
sion spectrum of Eul55 we were 
able to establish with good 
reliability the existence of 
63 lines, 8 of which were at- 
tributed to Eul54 and Eul52 
impurities and 5 were identi- 
fied as being due to Auger 
electrons. Through identifi- 
cation of the conversion lines 
en we inferred the existence of 


Spotesay: a SD y-transitions with the follow- 
A Ss _ ee. 


+R Ree ee = ing energies (uncertainties 
100 200 500 400 500 600 700 E, kev g . ( 


here and below + 0.5): 15, 18, 
Fermi-Kurie plot of the continuous B-spectrum 26, 31.6, 45.6, 61, 87, 100, 

of Eul55 102, 106, 118, 125, 132 and 

137 kev. We assigned these 

y-transitions to Eul55, Lines with energies of 42, 122 and 123 kev were attribu- 
ted to the y-radiation of EulS4 4 gul52, The above-mentioned five Auger elec- 
tron lines have energies of 31.5, 32.5, 33.2, 33.7 and 35 kev. The inferred 15, 
18, 61, 87, 100, 102, 106, 132 and 137 kev transition energies are in good agree- 
ment with the data in the literature; the 26.7, 31.6 and 45.6 kev transition 
energy .Values agree with the data of Ward, Jacob & Mihelichl9, These authors 
investigated the excited levels of Gd155 in positron decay of Tb19595. 

We succeeded in measuring the areas under the K and L lines associated with 
some of the y-transitions. The experimental values of K/L are in good agree- 
ment with the corresponding theoretical values given in the tables of Sliv & 
Band1l and Dranitsynal2, Our results for the y-radiation from Eul55 are sum- 
marized in Table 2. 

To verify the presence of hard y-rays of low intensity, which were not 
evinced in the B-y spectrometer measurements, the activity was investigated on 
a scintillation spectrometer with a 50-channel analyzer!3 kindly made available 
by Iu.A.Surkov. These measurements led to detection of y-rays having the fol- 
lowing energies (the uncertainties here are + 10): 240, 420, 580, 670, 870, 1000 
and 1280 kev. 

We attributed all these y-transitions to the Eul54 and Eul52 impurities 
present in the source employed. Judging from the intensity of the Eul52 y-lines 
(420, 580 and 670 kev), the principal impurity in our source was Eul54, This is 
substantiated by the B-decay data. 

In concluding we must emphasize the difficulty of identifying the B- and 
y-radiationsfrom Eul55 in view of the virtual impossibility of separating this 
isotope from radioactive Eut54 and Eul52 which have complicated B- and y-spectra. 
The latest investigationsl4,15 of the radiation from Eut54 and Eul52 are also 
conflicting and do not give a complete picture of their spectra. 

We desire to thank N.E.Brezhnev, V.I.Levin, G.V.Korpusov and N.N.Motorin 
for making available the radioactive material and supplementary purification 
thereof and V.A.Ivanov for assistance in the work. 


a 2s elise 
mee. <> aa | od? Ct a : 
Line METH 


- 934 - 


Table 2 


Data on the y-radiation of Eul55 


K/L ratio 


Identi- | Ey, eee Multipole 
Bod . : inten-— order 
fication kev sity exper. | theo. 
1 
{ 6,6 Ly | 15 | 
2 9,6 a 18 
3 10,9 K 61 34 0,7 0,8 E3 
4 13,2 M, 15 65 
5 13,5 |Mi,+M,,,! 15 
6 16,2 M, 18 
7 18,4 i 26,7 
8 1053 he yy) by 20,7 
9 25,2 Ly 31,6 
10 24,7 Diva is B18 
41 24,9 M, | 26,7 
12 | 26,4 Net 3th7 
13 29,5 M, 31,6 
14 31 N, 31,6 
45 37 K 87 100 10,4 9 EA 
16 37,3 re 45,6 ' 
ae ee Ly +Ly;} 45,8 : 
18 43,9 M, 45,6 
19 44,1 | M,+M,, | 45,6 
20 45,3 N, | 45,6 
24 49,7 K / 100 42 7,3 
22 52 K 102,3 
23 52,6 1m | 61 46 
24 53 Bae bey | 
25 55,8, K | 106 38 3,3 3,3 E1 
26 58,2 M, | 64 
27 58,8 My | 64 | 
28 74,8 K Set Saye og 3,3; 2,5| #1,M4 
29 | 78:7 Ly 87 9,6 | 
30 79,5 L+Ly Pe 76 : 
32 4 K | 132 7,6 | TON at Pe £2 
33. |. 85,7 | My sd +8 | / 
34 86,6 | K 137 | 
35 92 L; 10 4,6 
36 93,8 ) Li, + Lint 100 3,8 
37 94,3 | I LOS 
38 97,6 / Ly 106 | ‘1.5 
39 98,8 | Ly, +Lyy,) 106 8,4 
wR toed =) AE | 106 3 
44 | 104,5 Mat - Myy1 | 106 | | 
42 110.6 ; | 106 
43 | 109,2 Ly | 118 a. / 
44 | 416.6 Ly | 125 R41 
45 | 423.3 L; 132 ro |] ) 
46) 494.4 | fi) + 4in| 132 ) 
ara 497.6}. hy ey vi 
48 | 128.7 | Lay thy) 137 | ) 
49 | 1430,1 | 1 132 


l. 
2: 
3. 
4. 
5. 
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COINCIDENCES OF CONVERSION ELECTRONS IN Eul47-+sml47 pgcay 
- B.S.Dzhelepov, B.K.Preobrazhenskii & V.A.Sergienko 


Coincidences between the conversion electrons forming in the decay of ~25- 
day Eul47 to sml47 were studied by means of a twin magnetic lens B-spectrometer!. 
The £ul47 was obtained through bombardment of a tantalum target with 660 Mev pro- 
tons. The neutron-deficient europium isotopes were separated chromatographically 
from the rare-earth fraction, which was previously separated chemically from the 
irradiated tantalum. The active material was collected on a thin lightly alumin- 
ized collodion film; the diameter of the source was 5 mm. The coincidence measure- 

ments were started several 
er eiieediain, ee Sat days after the separation, 
when the shorter-lived acti- 


/ ) . vities of Eu had virtually 
1§ - + —__-+—_--}} -— - aa . died out. 


| The existence of 7- 
transitions with energies 

) of 121.0 and 197.6 kev in 
eee ee the decay of Eul47 to sml47 

/ ) ) has been firmly established 
(Ref.2-4). An 80 kev transi- 
tion was initially reported 


K-1976 


5 ta Teay ian A ~~ by Gorodinskii et al3 but 

was not detected in later 
/\ (1+) 19726 experiments? by the same in- 

3 f | Pe i vestigators. Conversion 

o400——«0D #00 1000 20 “0 is | |. t4nes associated with a 76.3 
Hp, Gs cr kev transition were observed 

Fig.1. Conversion electron spectrum of Eul47 re- in the work of Ref.2. Co- 
corded on one half the twin B-spectrometer. incidences between the 121.0 


and 197.6 kev y-rays were 
not observed, but there were detected coincidences between the y-rays of these 
transitions and x-rays‘. 

The conversion electron spectrum up to 200 kev as recorded by a single 
(half the twin) spectrometer viewing the ‘activity side of the source is shown 
in Fig.1. The number of conversion lines, their location in the spectrum and 
their relative intensities agree with the data of Ref.2. In view of the inade- 
quate resolution of our spectrometers the K and (L + M) lines of the 76.3 kev 


Data on electron coincidences in Eul47—»gm147 


Li detected Li detected eng aaa 
ine detecte ine detecte per hour 
by first rate at by second 
f ectrometer Ret ).| spectrometer 
hru backing) 2 oe Obs. lhance | True 
counts /min 
| 19 K-197,6 6 5 4 | 1 
K-A244 (K-12 + (Lt M)-76,3) 7,5 | 8} 66 
+(L+M)-76,3 21 (K — LL) + K-76,3 8,5 189 40 | 179 
| K—LM 4,5 76 8 | 68 
a’ -76,3 9 22 2 20 
L 4+M)-121 4,5 \ ie eels ane 6 9 8 
= K—LL K-76,3 g iL | 15 Bee 
utmyi7.6 | 15. {| ATE Ty 3 5 | 4'8 | 3°5 


f hones ‘ 
— Ce es ate a. 


he 4 wes. os ‘ 
Rebhene ’ es Fa 
a 


2 
w e 
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transition were not evinced 
in our measurements; the K 
‘puls/min . line merged with the K - 

fi LL Auger electron line and 
the (L + M) line with the 
K-121.0 line. 

We investigated coin- 
cidences between K-121.0 
and K-197.6 electrons and 
(L + M)-121.0 and (L + M)- 
-197.6 electrons with K 
Auger electrons and also 
coincidences of K-121.0 
electrons "through the 
backing" for the purpose 
of detecting the (L + M) 
line associated with the 
76.3 kev transition. In 
addition, we recorded co- 
incidences between the 
K-121.0 electrons and the 
K Auger electrons. 

The number of true 
coincidences varied from 
3.5 to 179 per minute with 
counting rates in the chan- 
nels from 1.5:10% to 21-103 
pulses/min; the ratio of 


400 600 800 1000 


~~ 71900 1500 true to chance coincidences 
Wp.6s‘t4 varied from 2 to 18. Ex- 
Fig.2. Coincidences of (K-121.0 + (L + M)-76.3) perimental results are 
electrons with a) K Auger and K-76.3 electrons, summarized in the accom- 
b) (L + M)-76.3 electrons, and c) K-197.6 electrons. panying table and illus- 
Curves 1,2 & 3 - the (K - LL) + K-76.3, K - LM, trated in Figs.2 & 3. 


K-121.0 + (L + M)-76.3 and K-197.6 lines as re- 
corded on a single spectrometer. 


1. Coincidences between the 76.3 and 121.0 kev transitions 


The existence of coincidences between these transitions is clearly evident 
from the table and the experimental coincidence curve in Fig.2 (curve b). The 
number of coincidences in both halves of the spectrometer set to detect K-121.0 + 
+ (L + M)-76.3 electrons amounted to 74 per hour; of these, 8 were chance and 66 
true. The existence of an appreciable number of (K-121.0) - [(L + M)-76.3] co- 
incidences made it possible to separate the (L - M)-76.3 line and thereby reli- 
ably establish the existence of this (76.3 kev) transition in the Eul47—+sml47 
decay scheme. 


2. Coincidences between the 197.6 & 121.0 kev and 197.6 & 76.3 kev transitions 


There can be no doubt regarding the absence of coincidences between the 
197.6 & 121.0 kev and 197.6 & 76.3 kev transitions. This is evident from the 
table and the experimental curve shown in Fig.2 (curve c). Thus it may be in- 
ferred that the 197.6 kev transition is not in cascade with either the 76.3 or 
the 121.0 kev transition. 


. a 
= = ~~ ie! “Bes 


eyis..i;': To eee 


« oun 1G Lay. : 
! mebegn at ia 4 
24 vue 


N, coinc/hr 


W-Ly- K-76,3 


400 600 $90 
Hp,.6S Cn 
Fig.3. a) Solid curve - [(L + 


+ M)-121.0]-(K-76.3 + (K - LL) 
+ (K - LM)) coincidences; b) 
[(L + M)-197.6]-[(K - LL) + 

+ K-76.3 + (K - LM)] coinci- 
dences. Upper dash line curve 
- (K - LL) + K-76.3 and K - 

- LM lines recorded on a 
single spectrometer. 
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3. Coincidences between the 121.0 and 197.6 kev 
transitions and K Auger electrons 


Coincidences between (L + M) electrons from 
the y-transitions and the K Auger electrons may 
be taken as evidence of the existence of K cap- 
ture to excited levels, transitions from which 
in the product nucleus occur with the emission 
of the given y-rays; the coincidence rate is 
then indicative of the K capture intensity. The 
experimental [(L + M)-121]- [(K - LL) + K-76.3 + 
+ (K - LM)] and [(L + M)-197.6)] - ((K - LL) + 
+ (K-76.3) + (K - LM)] coincidence curves are 
shown in Fig.3. 

Inasmuch as the K-76.3 line was not resolved 
in our experiments from the K - LL line and the 
(L + M)-121 electrons may give coincidences with 
the K-76.3 electrons, it is not feasible to deter- 
mine the number of (K - LL)- [(L + M)-121] coinci- 
dences. One can judge of the existence of coinci- 
dences of K Auger electrons with (L + M)-121 
electrons from the presence of (K - LM)-([(L + 
+ M)-121] coincidences; the K - LL and K - LM 
lines were almost resolved. The number of 
[(L + M)-121]-(K - LM) coincidences was 8 per 
hour. We are certain that these coincidences 
actually do occur; hence K capture goes to the 
excited level of Sm147 from which the 121 kev 
y-transition departs. : 

There should be no (K-76.3)-[(L + M)-197.6] 
coincidences. Consequently, all the recorded 
(CL + M)-197.6]-[(K - LL) + K-76.3 + (K - LK) 


coincidences must be due to coincidences of (L + M)-197.6 electrons with K Auger 


electrons. 
dences per hour. 
197.6 kev level. 


The number of these coincidences were small, namely, 3-3.5 coinci- 
We assume that the K capture in the Eul47 nucleus goes to the 


4. Coincidences between K-121 conversion electrons and K Auger electrons 


The experimental [K-121 + (L + M)-76.3]-[(K - LL) + K-76.3 + (K - LM] co- 


incidence curve is shown in Fig.2 (curve a). 


Inasmuch as the K-76.3 line was 


not resolved from the K - LL line and the K-121 electrons must yield coincidences 
with the K-76.3 electrons and since the contribution from (K-121)-(K-76.3) and 
[(L + M) -76.3]-(K - LL) coincidences is difficult to evaluate, we can only judge 
of coincidences between K-121 and K Auger electrons from coincidences of the 
K-121 electrons with electrons of the (K - LM)-121 line which was almost resolved 


from the K - LL line. 
-76.3] coincidences. 


But to do this we must allow for the (K - LM) -[(L + M)- 
If we assume that the probabilities of coincidence of K 


Auger electrons formei in K capture with the K and (L + M) electrons from the 
76.3 and 121 kev transitions are equal and are determined only by the numbers of 
these electrons, then of all the (K-121 + (L + M) -76.3]-(K - LM) coincidences, 
namely, 68 coinc/hr, approximately 66 coinc/hr may be attributed to (K-121) - 


-(K - LM). 


It should also be borne in mind that these coincidences are due to 


K Auger electrons forming both as a result of conversion on the K shell and in 


we 


area 
Peete: A O.m%* wt ie? a,c ssi St 
_ = iv 7 Z 


oo a ( 


’ 


nie _ 
gie (Bb ‘5 
yi» = ae 
ni , a 
e _ ox 
» rt ‘ : 
> 
é a7 
rat he 
te = 


‘ 
‘ a 
- 
7 - any 
oe a 


: tw? © i. vol 
j us 44! ft 
7 7 = 7 , o” 7 - 


- ‘ JY gt tise baie as? ¥ ty 
oo) on Baie: © 
. Gere U M ; a: , os ' 


ef a cape 
: ; n sales a aot: 
sm om fs ar ey 


uit ny. eee _ a 


et 


- 939 - 


K capture to the 121 kev level. Invoking the fact that the K/(L + M) ratio for 
the 121-kev transition is about 4.5, we obtain 36 coinc/hr for the number of co- 
incidences of K-121 electrons with the K - LM electrons forming in K capture and 
about 30 coinc/hr for the number of coincidences of K-121 electrons with the K - 
- LM electrons forming after conversion on the K shell. 

Our data are in agreement with the decay scheme for Eul47 given in a pre- 
ceding article5 (Fig.8 on p.908). 

We thank A.A.Bashilov for his interest in the work and valuable discussions. 
V.Bunakov and Iu.Zvol'skii participated in the measurements. 


Scientific Research Physical Institute 
Leningrad State University 
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COINCIDENCES OF CONVERSION ELECTRONS IN Tm167-+¢r167 pgcay 
- B.S.Dzhelepov, B,K.Preobrazhenskii & V.A.Sergienko 


We investigated the coincidences between the conversion transitions occur- 
ring in the decay of ~9.6-day Tm167 to Er167 by means of a twin magnetic-lens 
B-spectrometer!. The Tm167 was obtained with bombardment of a tantalum target 
with 660 Mev protons. The neutron-deficient thulium isotopes were separated from 
the rare earth fraction in an ion exchange column. 

The active material was deposited on a thin lightly aluminized collodion 
film; the diameter of the source was 5 mm. The coincidence measurements were 
started several days after separation, when the short-lived Tm isotopes had de- 
cayed. 
The Tm167—.zr167 process is accompanied by y-transitions of 56.9 and 208.1 
kev (average values from the results of Refs.2 and 4). The conversion electron 
spectrum of Tm167 up to about 200 kev recorded on a single (half the twin) spec- 
trometer is shown in Fig.l. It agrees as regards location of the lines and 
their relative intensities with the spectrum given in Ref.2. 


Ne 10-3. 


piles /min (L+M)-208, 


L-56,5¢ (K-LM) 


1 1-56,9+(K-M) 
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Fig.1. Conversion electron spectrum of Tm167; insert - Tm!67—»gr167 decay scheme. 
‘ 


Data on electron coincidences in Tm167_»Er 


167 


Line detected rete at. Line detected ee Coincidences 
by first = = * by second eak, per hour 
f ectrometer sa }»| spectrometer 
ru backing) |*'1 kgéd / 
10-3 , | Obs. (Chance True 
counts /min counts/min 


[ K—LL 21 | 104] 98} (6) 
(L + M)-208,4 L-56,9 + (K — LM) | 70 590 | 570 | (20) 
\ | a-56/9 + (K — MM) | 35 288 | 300 |(—12) 
K—LL 15 | 208] 30] 178 
L-56,9-+ (K —LM) 96 L-56,9-+ (K — LM) | 72 LS B02" | 24 £251)" 190 
M-56,9 + (K — MM) | 25. |. 442.) 64)... 44 
K—LL ) 77 2040 | 492 | 1548 
K-208,1 256 | L-56,9 + (K — LM) | 220 2150 | 1344 | 806 
k M-56.9-+ (K — MM) | 73. | 525| 90] 435 


*The values in parentheses are of the same order of magnitude as the 
experimental uncertainty. 
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. N° 10-3 We investigated the coincidences between the 
bofic/hr pulses /nin conversion electrons from the 56.9 and 208.1 kev 
transitions and also between these electrons and 
£°56,9 +(K-LM) the K Auger electrons. The experimental results 


are summarized in the accompanying table and il- 
lustrated in Fig.2. 


1. Coincidences between the 208.1 and 56.9 kev 
transitions 


As was shown in Refs.5 & 6 and substantiated 
in the investigations of Refs.7 & 8, the lifetime 
of the 208.1 kev excited state in Erl67 is 2.5 sec. 
Hence there should not be coincidences between the 
conversion electrons of the 208.1 and 56.9 kev 
transitions or between the (L + M)-208.1 conversion 
electrons and the K series Auger electrons. The 
absence of coincidences between the (L + M)-208.1 
line and the K Auger and L-56.9 lines is evident 
from the tabular data and Fig.2 (curve a). Thus 
our data substantiate the metastable nature of 
the 208.1 kev level in Er167, 


2. Coincidences of K-208.1 electrons 
with K Auger electrons 


There were observed coincidences between the 
K-208.1 conversion electrons and the K Auger elec- 
trons forming after conversion on the K shell. The 
experimental (K-208.1)- [(K - LL) + (K - LM)] coin- 
cidence curve is shown in Fig.2 (curve b). The 
counting rated for coincidences of K-208.1 elec- 
trons with different groups of Auger electrons 
should be proportional to the probabilities of the 


600 B00 Auger effect on different atomic shells. The ratio 
Hp, Gs-cn of the number of (K - LL) electrons to the number 
Fig.2. Coincidences of K of all other K Auger electrons as evaluated from 
Auger electrons with con- the areas under the K - LL, K - LM and K - MM lines 
version electrons: a - equals 1.6, which agrees within the limits of the 


(L + M)-208.1, b - K-208.1 experimental error with the corresponding data of 
and c - L-56.9. The upper Refs.9, 10 & 11 for Z = 57 to 84. 
curve in a represents the 


K - LL, L-56.9 + (K - LM) 3. Coincidences of L-56.9 electrons with K Auger 
and M-56.9 + (K - MM) lines electrons 

recorded on a single spec- 

trometer. : That there occur coincidences between the L- 


-56.9 conversion electrons and K Auger electrons 
will be evident from the table and Fig.2 (curve c). 

The number of "self-coincidences" of the [L-56.9 + (K - LM)] line electrons 
and the number of [L-56.9 + (K - LM)] —(K - LL) coincidences were, respectively, 
302 and 208 per hour; of these, according to our evaluation, the respective num- 
bers of chance coincidences were 112 and 30 and of true coincidences 190 and 178. 
Thus there can be no doubt that there occur coincidences between the L-56.9 elec- 
trons and K Auger electrons. The large number of "self-coincidences"” of the 
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[L-56.9 + (K - LM] line electrons is connected with the fact that in recording 
the line formed by two groups of electrons of close energy simultaneously in both 
halves of the spectrometer, the observed number of coincidences is always twice 
the number of coincidences that would be observed if these two groups of electrons 
were completely resolved. Taking into account this doubling of the number of 
"self-coincidences" we find that the ratio of the (L-56.9)-(K - LL) and (L-56.9)- 
-(K - LM) coincidence rates is approximately 1.9. This is consistent with the 
results of our experiments on coincidences between K-208.1 and K Auger electrons 
and the data of Refs.9, 10 & 11 on the probability of production of different 
groups of K Auger electrons. Further, it follows from our experiments that the 
probability of formation of different groups of K Auger electrons in K capture 
and conversion are equal and are given approximately by (K - LL): [(K - LM) + 
+ (K - MM] = 1:0.6. 

Inasmuch as K series Auger electrons cannot appear after conversion on the 
L shell, the observed coincidences indicate that the 56.9 kev transition promptly 
follows the K capture.!2 These coincidences also substantiate the inference that 
the 56.9 kev transition occurs in Er!§7 and is not an isomeric transition in Tm167, 

The decay scheme for Tm167, proposed in Refs.2 & 3, is shown in Fig.l. The 
results of our present experiments tend to substantiate this scheme. 

We wish to express our gratitude to K.Ia.Gromov for valuable suggestions in 
discussing the results. Leningrad State University students V.Bunakov and L. 
Popeko participated in the measurements. 


Scientific Research Physical Institute, 
Leningrad State University 
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TABLES OF FUNCTIONS NEEDED FOR DETERMINING THE PROBABILITY OF ALLOWED 
AND FORBIDDEN L CAPTURE 
- I.M.Band, L.N.Zyrianova & Iu.P.Suslov 


The purpose of the work was to calculate the functions employed in the theory 
of nuclear transitions by L capture. Analysis of the electron capture branch is 
necessary in investigating all cases of positron radioactivity. Orbital electron 
capture is the only decay mode in a considerable number of nuclei. The interest 
in electron capture has been heightened in recent years in connection with inten- 
sive investigations of neutron-deficient isotopes. Tables of the “numerical 
values of the K electron functions determining the probability of allowed and 
forbidden K capture" were published in 1956.1 For L capture, which is also of 
interest in experimental investigation of decay schemes, there are numerical cal- 
culations in the literature only for a few Z; this obviously hampers practical 
computations. : 

For calculating the probabilities of transitions by L capture one must know 
a number of coefficients depend on the L electron wave functions. Below we have 
tabulated these coefficients, taking into account the effect of screening and 
finite nuclear size. 


1. L electron wave functions 


The Ly, Lyyz and Lyyyz electron wave functions used in this work were found 
by the method of numerical integration of the Dirac potential equation taking 
into account the presence of orbital electrons and finite nuclear size. The 
atomic potential inside the nuclear volume was taken for a uniform electric charge 
distribution over a volume of radius R = 1.20-al/3- 0713 cm; the field outside 
the nucleus was assumed to be that of a Thomas-Fermi-Dirac statistical atom. In 
determining the screening functions, we used the tables of Metropolis & Reitz? 
and Thomas, while the exchange interaction was taken into account in the form 
used by Reitz‘, 

The values of the Ly electron wave functions at the nuclear boundary for 
a number of values of Z, calculated in this manner, are listed in Table 1. In 
addition to G,,; and /,,, the large and small components of the radial wave func- 


Table 1 
Values of the L; electron wave functions at the nuclear boundary 
Z U, = V2R Gr, R | : Fry R EL, 
| 
) | 
3,4457-10-4 —1,8144-10-* | —0,00064666 
6,0923-10-4 —4,4635-10-5 | —0,0014979 
1 ,1239-10-3 —1,0899-10-4 |. —0,00307 85 
“|- 1,9093-10-3 —2,3086-107# | —0,0053577 
3, 0297 - 10-3 —4,3971-10-4 | —0,0084177 
4 ,6365 - 10-3 —7,8676-1074 | —0,012356 
5, 6281 - 10-3 —1,0249-10-3 | —0,0146914 
6, 8544- 10-3 —1,3342-10-3 | —0,01 295 
0,010014 —2,2039-16-3 | —0,023382 
0,014550 —3,5802-10°3 | —0,030825 
0,016740 —4, 2847-4073 | —0,034017 
0, 020144 —5,4250-10-3 | —0,037722 
0024257 —6, 8607-1073 | —0,042668 
0,027885 —8,1727-140-% | —0,047993 


0,031956 —9,6973-16-3 | —0,090841 
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Table 2 
Values of the Lry and Lizz electron wave functions at the nuclear boundary 


BE a Ee eS Se a ee ee Re a ee 
’ ’ = ; . 
7 ) Oni R | Fry R “Diy hr | Friyy R 
Ra gh GN ae ae eo, 

18 1.0050. 10-6 1, 6704: 10-5 1.2109.10-7 -3. 6388-1079 
25 3,4710- 1078 4,2749-10°5 | 3,1612.10-7 —1 .3203-10-8 
33 1,1460-1075 | 1,0851.4074 | ef ie 
41 3,0771 -1075 | 2 3601-1074 1.8854.10-6 | —1,2945-10-7 
AY 7,1356-10-5 45946 .1074 37034-1078 —%3,0439-10-7 
a7 1,5141-10-4 8 ,3842.1074 6,6860.10-8 | —6,4050.10-7 
61 2,1312-1074 | 4,1028.1073 8§,6022-10-8 || —8,8283.10-7 
65 2, 9896-1074 14504-1078 1,1125-10-5 | —4,2180.10-¢ 
fe 5,6811-10-* | 2.4475.10-3 1.7791 -10-5 —2,1931-10-8 
81 1,0534-10°% | 4,0724.10-3 2,7630-40-5 | —3,7899.1078 
84 |. 1,3232.10-8 | 4,9224.1073 32430-4075 | —4,6184-10-8 
88 | 1,7862-10-3 6 ,3244- 10-3 3, 9829. 10-5 —5,9515-10-5 
92 2,4057-10° | 8,1211-10°3 | 4,8598-10-5 - |, —7,6048-10-6 
95 3,0064-19-3 | 9.8928.10-3 5,6307-10-5. | —9,1103-10-8 
98 | 3,7961-10-3 | 0,011965 | 6,5543.4075 | —1,0954-10-5 


tions of the 2s state, we give £,, the theoretical value of the Ly electron 
binding energy, and the parameter U,=V2R. Table 2 gives the corresponding 
values for the Lyzyz and Ly,;; electrons (for the same U,). 

The data of Table 1 for small Z can be compared with the wave function val- 
ues calculated by the Hartree-Fock method5, At Z = 30, the GL, evaluated for 
the statistical atom and by the self consistent field procedure diverge up to 
19%. At Z = 18 the difference is 16%. Inasmuch as in the range of small Z one 
should give preference to the Hartree-Fock method, for Z = 18 we used the follow- 
ing self-consistent field wave functions: 


Gk = 8,61-10-° and L, ='6,94-10~. 
II. Allowed L capture 


In the usual notation of B-decay theory the probability for allowed L cap- 
ture is given by 


\ 
2 
Wii = pa M 1, (Ey 2); (1) 


where g is the Fermi B-interaction constant, M* is the nuclear matrix element and 
It, is a function depending on the characteristics of the captured electron. 

Allowed capture is possible from the Ly and Lyy subshells and is defined by 
the functions 


Iu, (Ey, Z) = 5 (Eo + Ex)? Gi, (2) 
fu (E,, Z) =a > (Ey + Exy)? Figy (3) 


respectively, where #, is the nuclear transition energy (total end-point energy 
of the positron spectrum) in units of ™,c’, H;, is the total energy of the 1; elec- 
tron in the same units and Z is the atomic number of the decaying nucleus. 

The radial wave functions G,, and F,,, should be taken at the point of trans- 
formation of the nucleon. As usual, we took the values at the nuclear boundary 
(radius). In view of the fact that the energies of the Ly and Ly; electrons are 
virtually equal, the ratio of their capture probabilities becomes 
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Lk, 
4 —0,40 0,30 —0,20 
58 0,04912 0, 06728 0,08828 
59 0,05354 0,07335 0,09628 
60 0, 05828 0,07987 0, 1048 
61 0,06341 0, 08692 0,1141 
62 0, 06896 0,09455 0,1242 
63 0,07495 0, 1028 0, 1350 
64 0, 08060 0, 1447 (), 1468 
65 0,08843 0,1214 0,1595 
66 0,09610 0, 1320 O35 
67 0,1044 0, 1434 0, 1885 
68 AS hiss! 051557 0, 2048 
69 0,1226 0,1690 0, 2223 
70 0,1334 0,1834 0,2413 
71 0,1446 0,1989 0,2618 
72 0, 1568 0,215 0, 2840 
73 0,1699 0, 2339 0,3081 
7A 0,1843 0, 2538 0,3344 
75 0,1998 0,2752 0,3628 
76 0,2165 0), 2984 03934 
77 0; 2345 0),3234 0, 4265 
78 0,2540 0, 3504 0, 4623 
79 0,2751 0,3797 0,501 
80 0,2979 0,4114 0, 5431 
81 0 ,3223 0, 4457 0/5886 
82 0,3493 0, 4829 0, 6380 
83 0,3782 0, 5232 0,6915 
84 0, 4094 0, 5666 0,7493 
85 04431 0,6136 0,8118 
86 0, 4797 0, 6646 0,8797 
87 0,5195 0,7202 0,9536 
88 05626 0, 7804 1,034 
89 0, 6090 0.8454 1,120 
oO 06598 09165 1,215 
91 0,7149 0.9937 1,318 
92 0,7748 1,078 4,430 
93 0,8394 1,168 1.502 
4 0,9093 1,268 1,683 
95 0.9843 1.372 1,824 
96 1,065 1.486 1.976 
97 451 1.607 2,139 
98 1 243 1,736 2,313 
z, 
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Table 3 (continued) 


—0,10 


0,1121 
0, 1223 
0, 1332 
0,1450 
0), 1578 
OVe717 
0, 1866 
0, 2029 
0, 2206 
(),2399 
0, 2606 
0, 2830 
0 ,3072 
0,3334 
0,3617 
0, 3924 
0, 4260 
0, 4623 
0.5015 
0.5438 
0) ,5897 
06396 
0.6932 
OT o Le 
0,8148 
0 8834 
0.9575 
1,038 
5 ie 43) 
1,220 
ljoed 
1,434 
1.556 
1.689 
1,833 
1.989 
,159 
o4l 
ooo 
746 
971 


0,01085 
0, 01268 
0,01469 
0,01693 
0,01943 
0,92219 
0,02524 
0, 02864 


3,336-10-3 
4,237-10)-3 
5,265-10-3 
6428-10-38 
7,739-10-3 
9,208. 10-8 


4358-10-38 
5, 530+ b-8 
6,878- 10-3 
8, 397-40-9 


001011 
001203 


O,O1417 


0.01656 
O,019tY 
002219 
002538 
0), 02899 
0.03299 
0) ,03742 


0,00 


0,1388 
0,1515 
0, 1650 
0,1797 
0,1955 
0, 2427 
U,2a13 
0,2514 
0, 2735 
0,2974 
0, 3231 
0 ,3509 
0, 3810 
0,4136 
0, 4488 
‘0, 4870 
0 "5288 
015740 
0),6227 
0.6755 
0, 7326 
0,7944 
0.8615 
0.9342 
1,013 

1,099 

1,191 


5,016-10- 


7006-10 


8,705-10-2 


0, 01063 
0.01280 
0.01523 
O,OL7%4 
0.02006 
002424 
0.02800) 
0.03215 
O 03670) 
0) O4177 
) OAT: iS 
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0,25 


0) ,01650 


0, 01860 
0, 02094 
0,02350 
0 ,02630 
0), 02937 
0,03272 
0 ,03639 
0,04040 
0 ,04478 
0 ,04965 
0 ,05493 
0 , 06062 
0, 06684 
0 ,07358 
0, 08090 
(),08887 
0 ,09750 
0),1068 
0,1170 
0,1281 
0,1401 
0,1532 
0,1675 
0,1830 
0,1997 
0,2181 
0,2379 
0, 2593 
0, 2824 
0, 3074 


0,50 


0 ,02377 
0 ,02680 


0,03018 © 


0 03387 
0,03791 
004234 
0,04717 
0-05248 
0,05825 
(0),06458 
0,07161 
0,07923 
0 ,08744 
009642 
0,1062 
0,1167 
0, 1282 
0,1407 
0,1542 
0,1689 
0,1849 
0,2023 
0,2213 
0,2419 
0 , 2643 
0, 2885 
0,3151 
0,3439 
0,3748 
0, 4082 
0,4445 
0), 4838 
0),5262 
0,5723 
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Table 3 (continued) 
E, 

0,75 | 0,00 1,25 
0,03238 0,04230 0 ,05356 
0 , 03650 0,04770 0,06039 
0,04110 0,05370 0 ,06799 
0,04613 0,06028 0,07632 
0,05164 0,06748 0, 08544 
0, 05767 007536 0,09543. 
0 ,06426 008399 0, 1064 
0,07148 0 ,09343 0,1183 
0 ,07936 0, 1037 0,1314 
0,08798 0,1150 0,1456 
0,09757 0,1275 0;1615 
0, 1080 0,1411 0,1787 
0,1192 0,1558 0,1973 
0,1314 0,1718 0,2176 
0,1447 0,1892 0, 23965 
0,1591 0, 2080 0, 2635 
0,1748 0, 2286 0, 2896 
0,1918 . 0, 2508 0,3178 
0,2102 0,2749 0 ,3483 
0,2303 0,3012 0, 3816 
0,2521 0,3298 0, 4178 
0,2759 0, 3609 0,4973 
0,3018 0,3948 0,5003 
0,3299 0,4316 0,5469 
0 3605 0,4717 0 ,5978 
0,3936 0,5150 0 ,6527 
0, 4300 0, 5626 0,7131 
0, 4693 0,6141 0, 7784 
0,5115 0, 6694 0, 8485 
05572 0,7293 * 0, 9245 
0, 6067 0,7942 1,007 
0,6604 0, 8646 1,096 
0,7185 0,9407 4,193 
0,7815 4,023 1,298 
0,8507 “4,114 4,413 
0, 9256 4,212 q 537 
1,006 1,318 1,671 
1,093 1,432 4,817 
1,188 1,556 1,974 
4,290 4,690 2,145 
1,401 1,836 2.330 
4,522 4,994 2,530 
afena 2,167 2,750 
LO 2,304 2,987 
4,950 2,556 3,244 
2,417 2,775 3,523 
2,298 3,013 3,825 
2,494 3,270 4,152 
2,706 3,550 4,507 
2,937 3,853 4,893 
3,188 4.183 5.313. 
3,461 4,542 o,f 
3,756 4,929 6 , 262 
4,075 5,349 6,796 
4,423 5,807 7,379 
4,803 6,307 8,015 
5,216 6,850 8,707 
5 663 7,438 9, 456 
6,153 8,083 10,28 
6,687 8,786 11,17 
7,269 9,554 12,15 
7,901 10,39 13,21 
8,586 11,29 14,36 
9 325 12,26 15,60 
10,12 13,31 16,94 
10,98 14,44 18,38 
11,89 15,66 19,93 
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Table 3 (continued) 


18 |  6,810-10-8 9 ,808- 10-3 0,01335 | 0,01744 002207 


19 8,650-10-3 0,01246 0,01696 0,02215 002803 
20 0,01075 0,01548 0,02107 0,02752 0,03483 
24 0,01312 0,01890 0,02573 (0) ,03360 0,04253 
22 0,01580 0),02275 0,03097 004046 0,05124 
23 001879 0,02708 0,03686 0),04814 0,06094 
24 0,02215 003190 004342 005672 0,07179 
25 0,02588 003728 0,05075 0,06629° 008390 
26 0,03000 0),04321 0,05882 (),07683 0,09725 
27 0,03458 0,04981 0 ,06780 0),08858 0,1124 
28 0 ,03967 0),05714 0,07779 0,1016 0,1286 
29 0),04532 0,06528 0 ,08888 0,1164 0,1470 
30 0,05158 0),07430 0,1012 0,1321 0, 1672 
34 0,05850 0 ,08427 0,1147 01499 0, 1897 
32 0,06614 0,09528 01297 0,1695 0,2145 
33 0,07457 0,1074 0,1463 0,1914 0, 2419 
34 0,08397 0,1210 0, 1647 0, 2152 0,2724 
35 0,09425 0,1358 0,1849 0,2415 0, 3058 
36 0,1055 0,1520 0, 2070 0,2704 03424 
37 0,1178 0,1698 0,2312 0,3021 0, 3824 
38 0,1314 (0),1892 0,2577 0),3367 (0), 4262 
39 0,1461 0,2105 (), 2867 0,3746 0,4742 
40 0,4622 0, 2338 (),3184 0,4160 0,5266 
A 0,1799 0,2592 0,3530 0, 4612 0,5839 
F 42 0,1995 0), 2875 0,3915 0,5116 0,6477 
43 0, 2208 0,3182 0, 4333 0, 5662 0,7169 
44 0),2437 0,3512 04784 06251 0,7919 
45 0, 2688 0,3874 0,5276 0,6895 0,8733 
46 0, 2960 0, 4266 0,5811 07593 0,9618 
47 0,3255 0, 4692 0,6391 0, 8352 1,058 
48 0,3577 0,5156 0,7024 0,9180 1,162 
/ 49 0,3926 0,5660 0,7710 1,008 1,276 
50 0, 4303 06204 0, 8452 1,105 1,399 
51 0,4715 0,6798 0,9261 1,210 4,533 
52 0,5163 0,7444 1,014 1,326 1,678 
53 0,5651 0,81/8 1,110 4,454 t ,837 
54 0,6182 0,8915 4,215 1,588 2,009 
55 0,6759 0,9748 4,328 1,736 2,198 
56 0,7388 1,065 1,452 1 ,8y8 2,404 
57 (0), 8067 1,164 1,586 rt 2,096 2,625 
58 (0), 8814 4,271 1,733 | 2,265 2,869 
59 0,9621 1,388 1,891 2,473 3,132 
60 1,049 1,513 2,062 2,696 3,415 
61 1,143 1,649 2,248 2,939 3,722 
62 1,245 1,796 2,448 3,204 4,055 
63 1,355 1,956 2,666 3,486 4,416 
64 1,475 2,128 2,901 3,794 4,806 
65 1,604 2,316 3,157 4,128 5, 230 
66 1,747 2,521 3,438 4,496 5,696 
67 1,901 2,744 3,741 4,893 6,070 
68 2,067 2,984 4,069 5,322 6,586 
69 2,247 3,244 4,424 5,787 7,332 
70 2,442 3,526 4,809 6,290 7,970 
71 2,653 3,831 5,225 6,835 8,661 
72 2,882 4,162 5,677 7,426 9,411 
73 3,130 4,521 6,167 8,068 10,22 
74 3,402 4,915 6,704 8,772 11,12 
75 3,696 5,340 7,286 9,532 12,08 
76 4,014 5,800 7,914 10,36 13,12 
77 4,359 6,300 8,596 41,25 14,06 
78 4,733 6,841 9,336 12,22 15,48 
79 5,139 7,428 40,14 13,27 16,82 
80 5,579 8,066 41,04 14,41 18,27 
81 6,057 8,758 11,96 15,65 19,84 
82 6,578 9,512 42,99 17,00 21,55 
c 83 7,142 10,33 14,10 18,46 23,414 
Pit .-> 84 7,754 11,22 15,34 20,05 | 25.42 


002725 
0,03464 
0,04301 
005251 
006322 
0.07524 


5,010 
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0 ,03924 
0,04984 
0,06193 
0,07562 
0,09105 
0,1084 
0,1276 
0,1492 
0,1729 
0,1994 
0), 2287 
0, 2613 
0), 2974 
0,3374 
0,3815 
0, 4301 
0, 4844 
0,5438 
0, 6089 
0,6801 
0,7581 
0, 8846 
0, 9367 
1,039 


0,05341 
0 ,06784 
0, 08430 
0,1029 
0,1239 
0,1475 
0,1738 
0, 2034 
0, 2354 
0,2714 
0,3114 
03557 
0, 4049 
0, 4592 
0,5193 
0,5855 
0,6594 
0,7403 
0,8289 
0,9259 
1,032 


0,08829 
0,1122 
0,1394 
0,1702 
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Table 3 (continued) 
os “ec i 4 es setnsisessanesteenensnseiestnsas 
4,00 5,00 6,00 8,00 | 10,00 
63 5,455 7,864 10,71 17,72 26,50 
64 5,938 8,560 11,66 49,30 28,84 
65 6, 462 9,315 12,69 21,00 31,39 
66 7,037 10,15 13,82 22,87 34,19 
67 7,659 11,04 15,04 24,90 37,22 
68 8,332 12,01 16,37 27,09 40,50 
69 9,059 13,06 17,80 29,46 44,04 
70 9,848 14,20 19,35 32,02 47 ,88 
71 10,70 15,43 21,03 34,81 52,04 
72 11,63 16,77 22,85 37,83 56,56 
73 12,64 18,22 24,83 41,14 61,46 
74 13,74 19,82 27,00 44,70 66,84 
75 14,93 21,54 29,35 48,59 72,66 
76 16,22 3,40 31,89 52,80 78,95 
77 17,62 25,42 34,64 57,37 85,78 
78 19,14 27,61 37,63 62,32 93,19 
79 20,79 29,99 40,88 67,70 401,2 
80 22,58 32,58 44,40 73,54 110,0 
81 24,52 35,39 48,24 79,89 119,5 
82 26,64 38,45 52,41 86,80 129,8 
83 28,94 41,77 56,94 94,31 441,1 
84 31,43 45,37 61,85 102,4 153,2 
85 34,14 49,27 67,17 111,3 166,5 
86 37,08 53,53 72,98 120,9 180,9 
87 40,30 58,18 79,32 131,4 196 ,6 
88 43,80 63,24 86 23 142,9 213,8 
89 47,60 68,73 | 93,72 155.3 | 232.4 
90 51,76 74,74 101,9 168,9 252,8 
91 56,34 81,32 110.9 183,8 | 275,0 
92 61,28 88,50 120,7 200,1 299, 4 
93 66,67 96,29 131,3 att 7 325,8 
94 72,53 104,8 142,9 236 9 354,5 
95 78,85 113,9 155,4 257,6 3856 
96 85,68 123,8 168,9 280,0 419,1 
97 93,03 134,4 183,4 304, 1 455 ,2 
98 100,9 145,8 199,0 330,0 4940 
Table 4 
Values of the function z Gy 
r T on = gy ees 
z 5 @ 1, z 3 OL, Z 27 Ly e By 
10-8 39 0,02346 60 0, 1697 81 0,9929 
19 "585. 10-3 | 40 002606 61 0.1850 82 1/079 
20 1,721-10-8 41 0,02890 62 0,2016 83 1,173 
Dx 2,101-10-8 42 0, 03206 63 0, 2196 A ees Be eA 
0) 2°530-40-3 43 003548 64 0, 2391 85 1,384 
23 3'010-40-3 44 0,03919 65 0, 2602 86 1,504 
24 3548-40-38 45 004324 66 0), 2835 87 1,636 
25 4. 146+10-3 46 0 ,04763 67 0, 3086 88 1,779 
26 4. 807-40-8 47 0,05240 68 0), 3358 89 1,934 
27 5,541 -10-3 48 0),05759 69 0,3653 90 2,104 
28 6358-10-38 49 (),0632 70 0,3972 94 2,290 
29 7. 264-1073 50 0, 06934 71 0,4318 92 2,493 
30 8/268-40-3 51 0,07600 72 0, 4693 93 2,714 
34 9379-10-2 52 0, 08325 73 0,5101 94 2,954 
32 0,01061 53 0,09115 74 0,5548 95 3,214 
33 0,01196 5A (),09976 75 0, 6032 96 3,494 
34 0,01347 55 0,1091 76 0, 6555 97 3,796 
35 001512 56 0,1193 77 0,7124 98 45124 
36 0,01694 57. | 0,1304 78 0,7740 
37 0,01892 58 0,1425 79 0,8410 
38 ; 


0,02109 1 59 0,1556 80 0,9138 
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Why ¥ 7 : 
Wry ¥ Gi, (4) 
Of interest also is the magnitude of the Ly and K electron capture probabili- 

ties W (Eo + E,.)? G? 
Ly A? 7” “Ly *Ly 
Wy (Eo-+ Ey GE 
Here Gx is the value at the nuclear boundary of the large component of the K elec- 

tron wave function and /, is the total K electron energy. 

Using the data of Tables 1 and 2, we tabulated the values of the functions 
defined by Eqs.(2)-(5) for all values of Z from 18 to 98. The values of the wave 
functions for the Z not listed in Tables 1 & 2 
were found by interpolation. 

To determine the reduced lifetime /1,t,, for 
Ly; capture one must know the function ie Its 
values as functions of Z and the transition ener- 
gy £, (in the range from -0.90 to 10 m,c*) are 
listed in Table 3. In the calculations we used 
the experimental values for EL; Intermediate 
values of /,, can be found by interpolation of 
the tabular data. The behavior of /;,, as a func- 
tion of the transition energy is shown in Fig.l. 

In regions where /,, changes rapidly its 
£,.™¢* value can be found by means of Eq.(2). To facili- 


(5) 


Fig.1. Variation of the func- tate such calculations, the values of the function 
tion /,, with the transition (x/2) Gi, are given in Table 4. For calculating 
energy E,. fry, the values from Table 4 should be multiplied 


by (Ey + £1,)*. 
By comparing the present values of /,, with the results of earlier calcula- 


Table 5 
Values of the function eat 
= pa ae I 2 ™ 2 
Z 2 Ly = 2 Ly a 2 Lit % 2 Phy 
18 3,463-10-6 39 3,220-10-4 60 6,251-10-3; 81 0,07778 
19 4,562-10-8 40 3,776-10-4 61 7,104-10-3 | 82 0,08739 


20 5,948-10-6 41 4,416-10-4 62 8,079-10-3 | 83 0,09813 
21 7 ,697-10-8 42 5,151-10-4 63 9,162-10-3 | 84 0,1102 


22 9,928-10-6 43 6,001 -10-4 64 0,01037 85 0, 1238 
23 1,267-10-5 44 6,981 -10-4 65 0,01165 86 0,1391 
24 1,612-10-5 45 8,110-10-4 66 0 ,01329 87 0,1562 
25 2,042-10-5 46 9,406 -10-4 67 0,01504 88 0,1754 
26 2,604-10-5 47 1,090-10-8 68 0,01696 89 0,1978 
27 3,279-10-5 48 1,260-10-3 69 0,01909 90 0, 2222 
28 4,087-10-5 49 1,454-10-$ 70 0,02148 94 0, 2492 ‘ 
29 5,055-10-5 50 1,694-10-3 714 0) ,02414 92 0,2795 
30 6,212-10-5 51 1,956- 10-3 72 0,02712 93 0,3136 
34 7,985-10-6 52 2,243-10-8 73 0,03047 94 0,3525 
32 9,217-10-5 53 2,962-10-3 74 0,03426 95 0,3971 
33 1,115-10-4 54 2,914-10-3 75 0 03854 96 0, 4488 
34 1,358-10-4 59 3,311-10-8 76 0 ,04327 97 0, 5083 
35 1,636-10-4 56 3,758-10-8 77 0 ,04864 98 0,5776 


36 1,954-10-4 57 4,264-10-8 78 0,05473 
37 2,319-10-4 58 4,841 -10-8 79 0, 06108 
38 2,738-10-4 59 5,500- 10-8 80 0,06924 
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W, 
wi tions for a pure Coulomb field®»7 and the 
ty data of Reitz*, in whose work the L elec- 


tron wave functions for Z = 29, 49, 84 and 
92 were found for a statistical atom, we 
can determine the influence of screening 
and finite nuclear size on L capture. 
It is found that for L electrons a signi- 
ficant role is played by the method of 
taking into account the screening effect 
of orbital electrons: numerical integra- 
tion of the Dirac equation with a Thomas- 
Fermi-Dirac potential leads in the case 
of high transition energies to corrections 
which at Z = 50 are 20% and at Z = 90 
about 25% greater than the value determin- 
Fig.2. Variation of the Ly; to Ly ed by the approximate method of Slater®. 
electron capture probability ratio. In the range of low transition energies 
when only L capture is energetically pos- 

sible, the errors of Slater's method attain 60%. The finite nuclear size correc- 
tions for L capture prove to be relatively small: 0.3% at Z = 50 and 2.7% at 
Z= 90. 

In view of the fact that the probability of Lyy electron capture is small 
compared with L; capture, we have not included a table for the function /,,,, but 


20 40 60 80 100 2 


only give values of the coefficient + Fiy, (Table 5), which after multiplication 


by (£,+ £,,,)? give the value of the function /1;;(/,2Z). For Lyy capture, also, 
the method of taking screening into account is important: as compared with the 
work of Slater the corrections increase by 30-40%. 

It must be borne in mind that the functions /1, and /r1,, can be used for 
determining the ft value only if the partial lifetime of the nucleus with respect 
to Ly and Lyy captures is known. If only the total period T is known, the reduced 
lifetime should be calculated by means of the formula 


GJ, fe fig + Sty) T- 


The values of the ratio /7, Gi, corresponding to the ratio of the proba- 
bilities of Ly; and Ly electron capture (neglecting their energy difference), are 
given in Table 6. In cases when high accuracy in determining Lyy/Lyz is neces- 
sary, the values of Table 6 should be multiplied by 


ay 


E, te Li 


For purposes of illustration the values of Lyy/Ly, deduced in the present 
work, are plotted as a function of Z in Fig.2 (solid line). As may be seen, Ly 
capture predominates: up to Z = 70, Ly; electron capture amounts to less than 
5% and at Z = 95 comes to 12% of the Ly; capture. The dash line in Fig.2 repre- 
sents the variation of */1, 0222, (Zege = Z - 4-15), the quantity which has usual- 
ly been used for calculating the Lyy/Ly ratio. 

Of considerable practical interest is the value of the L,/K ratio shown in 
Fig.3 for three elements. The K electron values used in the calculations were 
taken from Ref.1. In the range of high transition energies L;/K varies from 
0.08 for Z = 18 to 0.18 for Z = 98. At low energies the ratio increases, may 
become greater than unity and tends to oo, when only Ly capture is energetically 
possible. 
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tied Table 6 
Values of B= = 
Ly 
ce a a 
LSS 
18 2,350-10-3 39 0,01372 60 0,03683 81 0,07834 
19 2'672-10-8 40 0,01449 61 003839 82° 008098 
20 3001-108 41 0.01528 62 004007 83 0, 08368 
214 3,304. 10-3 42 0, 01607 63 0.04172 84 008646 
22 3,715-10-3 43 0,01694 64 004338 85 0, 08944 
23 4087-40-38 44 0,01781 65 0.04478 86 0,09239 
24 4, 492.10-3 45 0,01876 66 004689 87 0.09547 
25 4,924.10-8 46 0,01975 67 004872 88 0,09858 
26 5417-40-38 47 0,02079 68 0.05050 89 0,1023 
27 5.917-10-3 48 0,02187 69 0,05227 90 0, 1056 
28 6428-10-38 49 0,02299 70 0,05376 91 0, 1088 
29 6.959-10-3 50 0,02413 71 0,05594 92 0.4124 
30 7,513-10-8 51 0.02523 72 0,05780 93 0.4155 
34 8.088-10-3 52 0,02644 73 0,05974 94 0,1193 
32 8,690-10-3 53 002760 74 0,06186 95 0, 1236 
33 9, 322-10-3 54 002882 75 0,06405 96 0,1284 
34 0, 01008 55 0,03034 76 006628 97 0.1339 
35 0.01082 56 0,03150 77 0, 06856 98 0, 1402 
36 0.04154 57 003270 78 0,07094 
37 004225 58 003397 79 0,07334 
38 0.01298 59 0.03536 80 0,07574 
Gi, Table 7 
Values of D=~—7 
Gk 
rs D Z | D | Z D Z D 
; 
18 0,0806 39 0,1076 60 0,1279 81 0,1542 
49 00828 40 0, 1085 61 0, 1290 82 0,1557 
20 0, 0848 41 0.1095 62 0.1300 83 0, 1570 
21 0, 0867 42 0,1104 63 0.1314 84 0, 1588 
22 0, 0885 43 0,1114 64 0, 1322 85 0, 1603 
23 0,0902 44 0.1123 65 0.1333 86 0.1619 
24 0,0916 45 0.1132 66 .0,1345 87 0, 1636 
25 0,0930 46 0.1142 67 0,1356 88 0,1653 
26 0,09423 47 0.11451 68 0, 1369 89 0, 1670 
27 0.09538 48 0.1160 69 0, 1380 90 0, 1688 
28 0.09651 49 0.1170 70 0, 1392 91 0,1707 
29 0.09762 50 0.1179 71 0.1405 92 0,1726 
30 0.09869 51 0, 1188 72 0,1418 93 0.1745 
31 0.09975 52 0.1198 73 0,1430 94 0,1764 
32 0, 1008 53 01208 74 0,1446 95 0,1782 
33 0.1018 54 0.1216 75 0,1460 96 0.1799 
34 0.1028 55 0.1227 76 0.1475 97 0.1815 
35 0.1038 56 0.1237 77 0/1489 98 0, 1829 
36 0, 1047 | 57 0/1248 78 0.1502 
37 0.1057 58 0.1258 79 0,1516 
38 01066 | 59 011268 80 0.1529 


Lacking space to give the values of L 1/k as a function of the transition 
energy for all Z, we are listing eae ate values of the ratio GS SF x in 
Table 7. For determining Ly/K, the values in Table 7 should be multiplied by 


(Fo + E,,) 
(Eo + Fx? 
in the Ly and K capture, respectively. 


minus the square of the ratio of the energies of the neutrinos emitted 


Fig.3. Ratio of Ly; to K 
capture probabilities. 
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In 1949 quantities similar to the data 
of Table 7 were published by Rose & Jackson? 
who based their calculations on the Hartree” 
self-consistent field wave functions for the 


light elements and Reitz's4 
um and heavy elements. 


functions for medi- 


Our results differ 


from those of Rose & Jackson by the introduc- 

tion of corrections for infinite nuclear size 

for the Ly and K electrons. 

lie somewhat higher, but the divergence no- 

where exceeds 0.5%. 
The variation as a function of Z of the 

of Ly and K electron densities 

at the nuclear boundary is shown in Fig.4. 

The plotted values for Z > 25 are based on the 

data of Table 1; at Z = 18 the curve is matched 


ratio (Gj 


Gi 


Our L;/K values 


Table 8 
Values of the functions Lo, Mg and No for Ly capture 
Z Ie | My | N, | Zz | to | M, | N, 
18 6,940-10-4 0,02055 —3,777:10-% 59 0,09904} 411,62 —1,073 
19 8,816-10-4 0 ,02623 —4,80 -10-3 || 60 0, 1080 13,00 —41,185 
20 1,096-10-3 | 0,03334 —6,040-10-8 |} 61 | 0.1178 | 14,52 —1 ,308 
24 1,338-10-3 | 0,04206 —7,501-10-3 |} 62 | 0,1284 | 16,18 —1,441 
22 1,611-10-8 0, 05281 —9,222-10-8 63 0,1398 18,02 —1 ,587 
23 1,916-10-8 0, 06591 —0,01124 64 0, 1522 20,03 —1,746 
24 2,258- 10-8 0,08174 —(),01359 65 0, 1657 22,14 —1,915 
25 2,640-10-8 0,1008 —(), 01631 66 0,1805 24,78 —2,115 
26 3,060- 10-3 0,1245 —0,01952 67 0,1965 27,94 —2 ,326 
27 3,527-10-3 0,1522 —0,02317 68 | 0,2138°| 30,57 —2,556 
28 4,048-10-3 0,1841 —0,02729 69 0, 2325 33,89 —2,807 
29 4,624-10-3 0, 2209 —0,03196 70 0, 2528 37,99 —3,081 
30 5, 264-10-3 0, 2634 —(),03723 71 0,2749 41,58 —3,381 
3i 5,971-10-8 0,3121 —0,04318 72 0,2988 46 , 02 —3,708 
32 6,752-10-8 0, 3678 —(),04984 q3 0,3247 50,93 —4 , 062 
33 7,614-10-8 0,4316 —0,05733 74 0, 3032 56 , 42 —4,464 
34 8,575-10-3 0,5055 —(), 06584 75 0, 3840 62,45 —4,897 
=, 4] 9 ,628-10-8 0, 5886 —(),07528 76 0,4173 69,08 —5, 369 
36 0,01078 0,6821 —0,08575 77 0,4535 76,40 —5,886 
mt 0,01204 0,7872 —0) ,09737 78 0), 4928 84,56 —6,455 
38 0,01343 0, 9056 —(,1103 79 0,5354 93,51 7 O76 
39 0,01494 1,039 —0,1246 80 | 0,5817 103,4 —7,759 
40 0,01659 1,189 —(),1404 81 0, 6321 114,3 —8,499 
41 0,01840 1,358 —0,1581 82 0, 6870 126, 2 —9,310 
42 0,02041 4.557 —0,1783 83 0, 7466 139,3 —10,20 
43 0 ,02259 1,778 —(, 2004 84 0,8112 153,8 —11,17 
44 0,02495 2,022 —0,2246 85 | 0,8813 169,9 —12,24 
45 0,02753 2,200 =). 2512 86 0,9578 187,7 —13,41 
46 003032 2,595 —(), 2805 87 1 044. ly 207.4 —14,70 
47 0, 03336 2,931 —(),3127 88 1,132 229,3 —{16,11 
48 0, 03666 3,304 —0), 3480 89 4,231 As | —17,66 
49 0 ,04026 3,719 —(0,3869 90 t ,340 280,14 1 SCAT 
50 0, 04414 4,169 —0, 4290 | 91 1,458 309,7 —21,29 
51 0,04838 4,672 —0,4755 92 1,587 342,6 —23,32 
52 0,05300 5,234 —0,5267 93 1,728 378,8 —25,58 
53 0,05803 5,864 —0,5833 94 1,881 418,6 — 28 , 06 
54 0,06351 6,568 —0, 6458 95 | 2,046 462,3 Se, 20 
55 0,06947 7,307 —0,7149 96 2,224 510,6 —33,70 
56 0,07596 8,240 —0,7911 97 2,416 563, 1 —36 ,87 
57 0,08301 9,228 —0,8752 98 2,623 620,6 —40,35 
58 0,09071 —0, 9696 r ~» =Lo; Qo= —M); Ro=No; Ty “ P,=0 
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-Fig.4. Ratio of Ly to K electron 
‘densities at the nuclear boundary. 
Solid line - our results; dash 
line - values calculated using 


O15 


410 Hartree self-consistent field 
functions. 
005 
0 20 40 60 80 100 2 
Table 9 


Values of the functions Lo, Moy and No ‘for Liz capture 


| 


z | afoe fo» | om» fete fw lm 


18 2,205-10-6 6,306-10-5 | —1,179-10-5 
19 2,904. 10-6 9,733-10-5 | —1,681-10-5 
20 3,786-10-6 1,397-10-4 | —2,300-10-5 
241 4,900-10-6 1 ,926-10-4 —3,072. 10-8 
22 6,320-10-6 2,601-10-4 | —4,055-10-5 
23 8 ,063-10-8 3,473-10-4 —5, 292-10-5 
24 1,026-10-5 4,609-10-4 | —6,877-10-5 


59 | 3,501-10-8 | 0,4638 |—0,04030 
60 | 3,980-10-3 | 0,5401 |—0,04636 
61 | 4,522-10-8 | 0,6280 |—0,05329 
62 | 5,144-10-3 | 0,7305 |—0,06130 
63 | 5,833-10-8 | 0,8459 |—0,07024 
64 | 6,603-10-8 | 0,9762 |—0,08028 . 
65 | 7,418-40-3 | 1,111 |—0,09080 


26 1,658 -10-5 8,537-10-4# | —1,190-10-4]] 67 | 9,573-10-3 | 1,509 |—0,1202 


25 1,300-10-5 6,094-40-4 | —8/899.10-5|| 66 | 8.463-10-3 | 1,307 |—0,1052 
27 2,087 -10-5 1,145-10-3 | —1,546-10-4|| 68 | 0,01080 1,735 |—0,1369 
28 2,602-10-5 1,493-10-3 | —1,974-10-4]| 69 | 0,01216 1,988 |—0,1554 
29 3,218-10-5 1,916-10-3 | —2,483-10-4|| 70 | 0,01368 2,274 |—0,1763 
30 3,955-10-5 2,431-10-3 | —3,101-10-*|] 74 | 0,01537 2597 |—0,1998 
31 4,829-10-5 3,058-10-3 | —3,843-10-*|| 72 | 0,01727 2,965 |—0,2263 
32 5,868 -10-5 3,827-10-3 | —4,739-10r4|| 73 | 0,01940 3,384 |—0,2562 
33 7,098-10-5 4,772-10-3 | —5,820-10-4|| 74 | 0,02181 3,875 |—0,2907 
34 8,647-10-5 6,149-10-3 | —7,291-10-4|| 75 | 0,02452 4,431 |—0,3296 
35 1,041-10-4 7,710-10-3 | —8,961-10-4|| 76 | 0,02755 5,063 |—0,3735 
36 1,244.10-4 9,497-10-3 | —1,087-10-3|| 77 | 0,03096 5,785 |—0,4232 
37 1,476-10-4 | 0,01156 —1,306-10-3|| 78 | 0,03484 6,623 |—0,4804 
38 1,743-10-4 0 ,01397 —1,560-10-3|| 79 | 0,03888 7,460 |—0,5386 
39 2,050-10-4 0,01680 —1,856-40-3 || 80 | 0,04406 8,661 |—0,6178 
40 2,404-10-4 0,02015 —2,201-10-3|} 81 | 0,04952 9,892 |—0,6999 
41 2,812-10-4 0,02412 —2'604-10-3|| 82 | 0.05564 41,29 |—0,7925 
42 3,279-10-4 0,02913 —3,090-10-?|| 83 | 0,06247 12,87 |—0,8966 
43 3,820-10-4 | 0,03496 —3,655-10-3|| 84 | 0,07014 14,67. |—1,014 

44 4,444.10-4 0,04179 —-4,309-10-3 |} 85 | 0,07883 16,76 |—1,149 

45 5,163-10-4 0,04978 —5,069-10-3|| 86 | 0,08854 16.49>.°}.4 301 

46 5,988-10-4 0,05914 —5,951-10-3 || 87 | 0,09942 21,80 |—1,472 

47 6, 936-10-4 0,07014 —6,974-10-3|| 88 | 0,1116 24,86 |—1,666 

48 | 8,020-10-4 (),08294 —8,156-10-3|| 89 | 0,1259 28,49 |—1,894 

49 9,256-10-4 0,09794 —9,521-10-3|| 90 | 0,1415 32,50 |—2,144 

50 1,078-10-8 | 0,1172 —0,01124 91 | 0,1587 37,00 |—2,423 

54 1,245-10-3 0,1385 —0'01313 92 | 0,1779 42.12 |-—-2,738 

52 1,428-10-8 0,1622 —0' 01522 93 | 0,1996 47,97 |—3,095 

53 1,630-10-3 0,1888 —0,01754 94 | 0,2244 54,74 |—3,505 

54 1,855-10-3 | 0,2193 —0,02017 95 | 0,2528 62,56 |—3,977 

55 2,108-10-8 0, 2542 —(),02315 96 | 0,2857 74,78 |—4,528 

56 2,392-10-8 | 0,2947 —0/02655 97 | 0,3236 82,51 |—5,167 

57 2,714-10-3 0, 3418 —0,03046 98 | 0,3677 95,09 |—5,913 

58 3,082-40-3 | 0,3983 —0 03503 y= aa Qo = M,; Ro = — No; 


y=P\= 


TST 
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Table 10 
‘Values of the function L, for Lyyz capture 

Z LT) Z Lj | Zz | LT) Z | L} 
18 | 9,155-10-7 39 | 6,834-10-5 60 | 9,194.10-4 81 | 6,806-10-3 
19 | 1,157-10-¢ 40 | 7,872-10-6 61 1 ,023.40-3 82 | 7,424-10-3 
20 | 1,480-10-6 44 9,057 - 10-8 62 1,138-10-3 || 83 | 7,806-10-3 
24 | 1,901-10-6 42 1,039-10-4 63 | 1,263-10-3 84 | 8,814-10-3 


44 1 ,367-10-4 65 1,539.10-3 
45 1,566-10-4 66 1,710-10-3 
46 1,789-10-4 67 { ,886-10-3 : 
47 2,041 -10-4 68 2078-10-38 89 | 1,342-10- 
48 2,323-10-4 69 2,286-10-3 || 90 1,458-10- 
49 2,638-10-4 70 2,513-140-3 1 1 ,583-10-2 


43 1,193-10-4 64 1, 400-10-% | 85 9 ,602-10-3 
29 |. 1,413-10-5 50 3,014-10-4 71 2,759-10-8 92 1,719-10-* 


51 3,415-10-4 72 3,027-10-3 93 1 ,865-10-* 
52 3,847-10-4 73 3,319-10-3 94 2,024-10- 
53 4,314-10-4 74 3, 632-1073 95 2,194-10-2 

75 3,974-10-3 96 2,380- 10-2 


34 | 3,299-40-5 || 55 | 5,380-10-* || 76 | 4'347-40-8 || 97 | 2,578-10-2 
35 | 3,831-10-5 || 56 | 5,992-10-¢ || 77 | 4,758-10-3 || 98 |.2,835-10-2 
36 | 4,438-10-> || 57 | 6,669-10-* || 78 | 5/210-10-3 j EE ae 

37 | 5,132-10-5 || 58 | 7,419-10-* || 79 | 5.657-40-3 || 1,=M,=N,—=P>= 
38 | 5,925-10-5 || 59 | 8,258-40-4 || 80 | 6/232.40-3 =Q,=R,=0 


with the self-consistent field functions. In calculating (Ly + Ly, /K one 
should use the following formula 
Pokey 7 i, mes fry + fry, (6) 
; : Wk Ik ’ 
Numerical values of this ratio can readily be obtained using the data of Table 
3 (or 4) and 5 herein and Table 2 (or 3) in Ref.1l. 


3. Forbidden L capture 


The probability of forbidden L capture can be determined by means of the 
same formulas as are employed for the probability of B-decay if one makes use 
of the following coefficients expressed in terms of the L electron wave func- 
tions: 


Ly subshell - 
Ly = Gis; M, = RF 153 N, = RG, F 1, 
P, = L,; Q,=—™,; y= NV; L,= P,=0, 


Lyry subshell - 
Leg +t BE M,= R°Giy; N,=— Graf ty; 
P, = — L,; Q,=2M,; Ry =—N,; T= P, = 0; 


Lyyzy subshell - 
Lo =P, =M,=Q=N =k =2. 
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We have listed the values of these coefficients, based on the data of 
Tables 1 & 2, in Tables 8, 9 & 10. Knowledge of these coefficients allows of 
analyzing forbidden transitions occurring by L capture, which together with 
analysis of the positron decay and K capture branch data makes it possible to 
obtain significant information on changes in the state of the nucleus in B-decay. 


Leningrad State University 
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ANGULAR DISTRIBUTION OF GAMMA-RAYS FROM POSITRON ANNIHILATION 
IN LIQUID HYDROGEN AND HELIUM 
- A.S.Basina, K.A.Baskova, B.S.Dzhelepov and M.A. Dolgoborodova 


Introduction 


The mechanism of positron annihilation in condensed materials cannot be 
fully understood from a study of hitherto published data. It has been establish- 
ed that the annihilation mechanism differs at least partially in metals and amor- 
phous materials. In metals positron annihilation involves mainly free electrons; 
the number of positrons falls off exponentially with time and the mean lifetime 
for all metals is 1.5-°10710 gec, 

The decay curves for amorphous materials reveal two components correspond- 
ing to different annihilation mechanisms; the respective lifetimes vary somewhat 
in different materials, but are of the order of ~1079 and ~10719, an attempt 
has been made to account for these components through the hypothesis that posi- 
tronium is formed in amorphous materials. The “long-lived’’ component is then 
associated with two-quantum annihilation of orthopositronium by the so-called 
pickoff process4, whereby a positron can annihilate with a bound electron which 
has a suitable spin orientation. 

The fast process (T x 10710 sec, i.e., close in order of magnitude to T in 
metals) results from positron annihilation on atoms and ions and is partly due 
to annihilation of parapositroniun. 

Measurements by Page and his coworkers!»2 and by Stewart? have shown that 
positron annihilation in amorphous materials and in metals is marked by differ- 
ent angular correlations of the two annihilation quanta. In metals the angular 
distributions (angular deviations from 180°) of two-quantum annihilation are 
represented by parabolic curves with half-width ~1°. In the case of amorphous 
materials a narrower peak with a relatively broad base is observed. The narrow 
peak is customarily attributed to the formation of positronium in the para state 
since the photons diverge at an angle close to 180° when slowed-down parapositron- 
ium is annihilated. 

The annihilation of free positrons with bound electrons broadens the angular 
distribution curve. 

The velocities of atomic electrons which participate in annihilation account 
for a greater angular distribution width (the positrons are slowed down before 
annihilation). The possible two-quantum annihilation of orthopositronium formed 
in amorphous materials should also broaden the base of the angular distribution 
curve. 

For the purpose of elucidating the positron annihilation mechanism in amor- 
phous materials it would be desirable to perform joint measurements of the life- 
time and angular distribution and to determine the probability ratio of three- 
quantum to two-quantum annihilation. Such experiments would be especially valu- 
able in materials of sufficiently simple structure so that the behavior of posi- 
trons in the given material could be calculated at least approximately. Gaseous 
helium and molecular hydrogen are evidently the best substances for such investi- 
gations. 

Chang Li? made a number of calculations for these gaseous systems. However, 
inasmuch as low densities create a number of experimental difficulties, actual 
experiments are performed mainly with liquid hydrogen and helium. 

Paul and Graham® and Wackerle and Stump’ have studied the lifetime distri- 
bution of positron annihilations in liquid helium. There is agreement as to 
the existence of three components with the lifetimes of ~2:°107 0, (1.83 + 0.15)> 


-1072 and (9.1% 0.5) +1078 sec. 
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These investigators associate the lifetimes with three different mechanisms: 
parapositronium annihilation, interactions between positrons and atomic electrons, 
and orthopositronium annihilation, respectively. Annihilations through the form- 
ation of parapositronium and orthopositronium are estimated to comprise 5 and 
16%, respectively, of all annihilations; the remaining 79% of the positrons an- 
nihilate with atomic electrons. 

Measurements of three-quantum annihilation in gaseous hydrogen and helium 
by De Benedetti and Siegel® also indicate the formation of positronium in these 
gases. 

In the present work we investigated annihilation photon angular distribu- 
tion in liquid hydrogen and helium. 


1. Experimental Arrangement 


The experimental set-up and technique used in measuring the angular distri- 
bution of photons from positron annihilation in liquid hydrogen and helium were 
essentially the same as in previous work by some of us.2 The apparatus is shown 
schematically in Fig.1. A Dewar vessel placed between two scintillation counters 
contained liquid hydrogen or helium in which positrons were slowed down and an- 
nihilated. A lead collimator with a cylindrical aperture of 2 mm diameter was 

placed in front of counter 

NalI(T1) Nar(T2) 1; a rotating lead disc 
with annuli (annular slits) 
of different sizes was 
placed in front of counter 
2. With this geometry 
it was possible to dis- 
criminate annihilation 
photons in definite angu- 
lar intervals. 

In the present experi- 


Fig.1. Diagram of experiment: 1 & 2) scintillation ment the positron source 
counters, 3) Dewar for liquid helium or hydrogen was radioactive Cu®4 in 
(inside diameter of vessel with helium - 45 mm, with the form of 30-60 » thick 
hydrogen - 75 mm), 4) Dewar for liquid nitrogen, foil. The copper foil was 
5 & 6) preamplifiers, 7) coincidence circuit. was fastened in a special 


frame attached to a rod 
(as shown in Fig.2) by means of which it was lowered in- 
to the Dewar. The experimental geometry required a 
rigorously determined shape of the target in which posi- 
trons are slowed down and annihilated. For measurements 
of positron annihilation in metals the target was a 
small cylinder of 2 mm diameter. Since our results 
were to be compared with those from metals, similarity 
of the experimental conditions had to be approximated 
by isolating a working volume in the liquid hydrogen 
or helium in the form of a 2 mm diameter cylinder. To 
this end the Dewar was enclosed in a lead block with 
circular openings facing the counters. This lead block 
also shielded the scintillation counters against direct 


64 

2s radiation from the positron source. 
Fig.2. Frame for posi- To assure exact definition of the angular intervals 
tron source. it was essential to align precisely the axes of the col- 


limator in front of counter 1, the annulus in front of 
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counter 2 and the collimator enclosing the Dewar. This adjustment was performed 
by means of a parallel light beam passing through the collimator openings and 
impinging on a photoelectric cell behind the last collimator. The units were 
aligned to obtain a maximum photocurrent reading. In the experiments with liquid 
hydrogen and helium the correct position of the source-holder frame with respect 
to the axis defined by the light beam was determined by means of a small mirror 
attached to the rod holding the frame. A light beam reflected from this mirror 
to a screen was displaced vertically as the frame moved in a direction perpendi- 
cular to the axis of the apparatus. The helium and hydrogen Dewars each had two 
vertical unsilvered transparent strips 1 cm wide located opposite each other.. 
We could thus determine rotation of the frame about its axis by sending a light 
beam through openings (in line with the unsilvered strips of the Dewars) drilled 
in the vertical members of the holder frame. 

The scintillation counters used to detect the photons consisted of NaI(T1l) 
crystals and FEU-19 multiplier tubes. The pulses from the counters were ampli- 
fied and fed to a coincidence circuit with a resolving time of ~5-1078 sec. 

The angular distribution curve could be plotted from the coincidence counts 
with different annuli mounted successively in front of counter 2 (making due al- 
lowance for solid angles and the transmission of the apparatus in the process of 
plotting). The y-rays passing through different annular slits struck different 
parts of the counter surface. Appropriate corrections were introduced for the 
variation of counter efficiency from its center to its periphery, as determined 
by a special experiment. The Dewars were large enough to contain the entire 
positron range in liquid hydrogen and helium so that positrons were annihilated 
without reaching the walls of the vessel. 

Inasmuch as the Dewar containing the liquid helium was placed in another 
Dewar containing liquid nitrogen, scattering of annihilation quanta in the liquid 
nitrogen and from the Dewar walls might have distorted the observed angular dis- 
tribution. Control experiments showed, however, that this effect was insignifi- 
cant. The angular distribution of photons was also measured for positrons an- 
nihilating in the cu®4 source itself, which in this instance was a small cylinder 
mounted in the target position. The angular distribution was measured with the 
source in air (Col. I of the Table), in a helium Dewar (Col. II), with the helium 
Dewar inside the empty liquid nitrogen Dewar (III) and, finally, with liquid 
nitrogen poured into the outer Dewar (IV). All the values of f(@) shown in the 
table are normalized to the @ = 3.5' value. 

It is evident from the table that all curves agree within the limits of the 
experimental uncertainty. 


Angular distribution f(9) of quanta from positron annihilation in copper 
under different conditions 


qa ee 
f (6) 


I | Ii! IV 
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41’ | 25,9 40,5 26,7 +0,8 26,7 +0,6 25,1 +0,8 
62’ 4.1 0,1 5,3 0,3 aT 0,8 3,5 10,4 
1°29 | 0,7 +0,1 0,5 40,1 | 0,6 +0,1 0,7 +0,1 
9° | 0,314-0,02 | 0,2160,02 | 0,220,02 0,32-£0,03 
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2. Results 


The angular distributions for liquid hydrogen and helium are shown in Fig.3. 
Each point of the curves represents the number of coincidences per unit solid 
angle in the angular interval corresponding to a given annulus. For purposes 
of comparison we also give the distribution curve for positron annihilation in 
aluminun. 

The reduction of experimental results to values per unit solid angle requires 
special consideration. In measurements with aluminum the working volume from 
which annihilation quanta might emerge to be detected could be accurately con- 
fined to the dimensions required by the geometry. Furthermore, the transmission 
of the apparatus for different annuli could be calculated accurately. 


(8) 


2 £5 1 Os a 05 1 1,5 28° 


Fig.3. Angular distribution of photons from positron annihilation: 1) in alumin- 
um (dash line), 2) liquid helium, 3) liquid hydrogen. 


In measurements with 
helium and hydrogen the 
working volume is some- 
what greater, as shown 
by the hatched area in 
Fig.4. This must be 
taken into account in 
determining the effective 
transmission, which we 
calculated and verified 
experimentally. For this 
purpose the angular dis- 
tribution for aluminum 
was measured twice: once 
with an aluminum cylinder 
5 mm long and 2 mm in 
diameter (the collimator 
opening diameter) and once 
with aluminum foil. In 
Fig.4. Experimental geometry: 1 & 2) scintillation the latter instance the 
counters, 3) helium Dewar; A) collimator in front volume previously filled 
of counter 1; B & C) collimators in front of counter with helium or hydrogen 
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crumpled 10, foil; the crumpled foil had a density equal to that of liquid helium 
or hydrogen. The geometry of the "annihilation field" was thus, to a first ap- 
proximation, equal in the experiments with the liquids and with the ygoil. The 
experimental curves obtained with the 2 mm diameter aluminum cylinder and with 
the foil differed, but agreed after introduction of the calculated corrections 
for the effective transmission, thus confirming the corrections. 

It is evident from Fig.3 that the angular distributions for hydrogen and 
helium differ from the distribution curve for aluminum. Our curve for aluminum 
agrees with the results obtained by Green & StewartlO and by Lang, DeBenedetti 
and Smoluchowskil!, The curves for hydrogen and helium have a narrower peak and 
a considerably broader base. The difference in curve widths lies outside the 
limits of the experimental error. The statistical error for 9@> 0.5° does not 
exceed the size of the "points". The distinctive shape of the H and He curves 
can apparently be accounted for by the formation of positronium in hydrogen and 
helium with positrons of sufficient energy. 

The narrower peak for hydrogen and helium is presumably due to the annihila- 
tion of parapositronium formed therein. It should be noted, however, that this 
peak is considerably broader than that for positron annihilation in amorphous 
materials, where its width is usually ~20'. This latter narrow peak is associated 
with the annihilation of fully stopped parapositronium, while the broader peak 
for hydrogen and helium indicates that the parapositronium is not fully slowed 
down before annihilation in H and He. 


1/0) 


0 a5 a 0 05 1a 
Fig.5. Calculated distribution of pho- Fig.6. Calculated distribution of pho- 


tons from positron annihilation in tons from positron annihilation in 

liquid hydrogen.5 The experimental liquid helium.” a) theoretical curve 

points were obtained in the present neglecting polarization, b) theoretical 
work. curve including polarization. The ex- 


perimental points were obtained in the 
present work. 


For angles @ > 0.5° the curves for hydrogen and helium are broader than for 
‘aluminum. This results from the higher mean velocities of the bound electrons 
in hydrogen and helium with which the positrons annihilate. The broadening of 
the curves for hydrogen and helium also seems to result from two-quantum annihi- 
lation of the orthopositronium formed with bound electrons possessing suitable 

spin orientation. 
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The observed emissions of quanta at large angles (@ > 1°) presumably result 
from the annihilation of not fully slowed-down positrons, since hydrogen and 
helium contain no electrons with energies corresponding to such large angles. 

It seems strange to find a considerably smaller number of such events for alumi- 
num. 

The angular distribution for helium is broader than for hydrogen as a result 
of the higher electron velocity in the helium aton. 

Our experimental angular distribution of quanta from positron annihilation 
in liquid hydrogen and helium are compared in Figs.5 and 6 with the curves calcu- 
lated by Chang Li. In Fig.6, curve a was calculated on the assumption that a 
positron is acted on by the mean field of the helium atom with which it inter- 
acts; in this case the positron lifetime would be 1.5-10-8 sec. Curve b was 
calculated taking into account the polarization of the atom by the positron; 
in this case the lifetime is 2.6-10-9 sec, which agrees with the experimental 
lifetime of free positrons in liquid helium. The experimental angular distri- 
bution in Fig.6 occupies an intermediate position between these two curves and 
is closer to curve b for small angles. The calculated curve for hydrogen in 
Fig.5 is narrower than that for helium, which is in agreement with experiment. 
The experimental curve for liquid hydrogen in Fig.5 also differs from the calcu- 
lated curve. 

It should be noted that an analysis of the experimental results indicates 
the possibility of positronium formation in helium, which was neglected in the 
calculation. 

The angular distribution of the photons can be used to plot the energy spec- 
trum for the center of gravity of the annihilating pairs. 

The experimentally observed angular distribution is expressed by 


1 
Nexp (8) =| N’(9,8) W (8) 4B, 


8 min 


where Bnin = ~sata (here Umin is the minimum velocity at which the photons can form 


the angle of divergence x - 9), N’(6,8) is the number of coincidences per unit 
solid angle, given by 


mn {V 4p - —sin? (0 —*A0) — V 48? — sin? (6 + A6)} 


N" (6, ls 3 sin 9A0 


where ® is the number of annihilations per second. 

It would be complicated mathematically to determine the function W(B) (the 
energy spectrum of the center of gravity of annihilating paris) in the integrand. 
Such mathematical treatment is not justified in view of the fact that the experi- 
mental curve was plotted on the basis of only 6 points. The following approxi- 
mate analysis is preferable. The entire range of B from O to 1 is divided into 
6 parts (for the number of experimental values) so that the interval 6] - 62 
corresponds to photon deviation angles 6 from 6, to 09, the interval Bp - 6, 
corresponds to 95 - 63; etc. The integral can then be replaced by the set of 
equations 
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These equations can be solved successively 
for W(B), working backward from the last 
equation. 

We performed the calculations and ob- 
tained the energy spectra for positron an- 
nihilation in liquid hydrogen and helium 
shown in Fig.7 together with the spectrum 
obtained for aluminum. There is no point 
in discussing the details of these spectra 
inasmuch as - as was noted above - each curve 
is based on only six experimental values. _ 

The authors are deeply grateful to P.L. 
Kapitsa, director of the "S,I.Vavilov" Insti- 
tute for Physical Problems, where the experi- 
mental work was performed, and to A,I.Shal'- 
nikov for his continued interest. 
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COMPENSATION OF THE EARTH'S MAGNETIC FIELD 
- E.M.Krisyuk and G.D, Latyshev 


Introduction 


The design of an iron-free double-focusing B-spectrometer (ro = 50 cm) re- 
quired compensation of the earth's magnetic field in the working volume of the 
spectrometer. To insure linearity of the spectrometer to within about 1 in 105, 
the external magnetic fields had to be weaker than the spectrometer field by a 
factor of at least 105, The weakest spectrometer field with which it is possible 
to measure conversion lines accurately is ~10 oersted; ~25 kev electrons are 
focused with a field of this strength. The spectrum of lower-energy electrons 
will be strongly distorted by electron scattering and absorption in the source, 
instrument walls and counter window. Therefore external fields must not exceed 
10-4 oersted inside the instrument. At Leningrad the vertical component of the 
Earth's field is ~0.5 oersted; the horizontal component is ~0.15 oersted. The 
-vertical component therefore had to be compensated to within ~2:1074 and the 
horizontal component to within ~6-1074 in the working volume of the spectrometer, 
which is a cylinder of 60 cm radius and 80 cm height. 

The Earth's magnetic field can be represented by a nonvertical vector which 
varies slowly and continuously in magnitude and direction. At points remote from 
ferromagnets and other perturbing influences the general field is very uniform. 
The problem of compensating the Earth's field can be divided into three parts: 

1) the choice of location in the laboratory which insures the required initial 
homogeneity of the field, 2) designing of a system of coils to generate an ade- 
quately homogeneous field which will compensate the Earth's field in the working 
space, and 3) designing of equipment which will automatically adjust the current 
in the system to compensate variations of the Earth's field. 

In the present paper we consider the problem of generating a compensating 
homogeneous magnetic field. For this purpose a few current-carrying coils 
arranged symmetrically with respect to a central plane are commonly used. Such 
systems provide free access to instruments located within then. 


1. Magnetic field of two symmetrically placed coils 


\ 
Within a sphere of radius 7r<o, the magnetic field due to the current in 
a coil can be represented by the series (see Ref.1, for example): 


P és _ sin? ~ as i ; 
H,=0.2 «Io Sas Py (cos §)P’n4, (cos y), 


co 
sinty , n ‘0S , 

H, = 0,2rlw : y sin 4 (3) Pies (cos y) [Poss (cos 0) eT Ph a(cos 6)], (1) 
where H, is the field component parallel to the axis of the system in oersteds, 
H, is the component perpendicular to the same axis, 7 and 9 are the coordinates 
of the point at which the field is being determined, and ~ are the coordinates 
of the coil, w is the number of turns in the coil, I is the current in amperes, 
P, (xz) and P,'(z) are Legendre polynomials and their first derivatives. The co- 
ordinate origin is an arbitrary point on the coil axis and the positive direction 
is assumed to be that of the field. 

The expression for the magnetic field of two coils placed symmetrically with 
respect to the origin contains only even powers of r/o. Since I,w,7,@ and p are 
identical for both coils, while 4, and }, differ by 180°, in view of the proper- 
ties of derivatives of the Legendre polynomials, all terms containing odd powers 
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of r/p vanish,while all terms with even powers are doubled. Hence the magnetic 
field of two symmetrically placed coils will be 


H, = 0.4nlw a D (7/0) Pan (cos 6) P’an4 (cos $), 
n=0 


co 
sin? * an 
Hy = 04 lo sind D (=)” Prents (cos p) x [Ponts (cos6)— 58" P’an «(cos |, (2) 

In (2) the term with n= 0 is independent of the field (point) coordinates 
and hence gives a homogeneous field, while the terms with n>O characterize devi- 
ations from homogeneity. Inasmuch as we are interested in the field close to 
the coordinate origin, i.e., for r<p, each term in (2) will be smaller than 
the preceding term. If the geometry of the system is such that the coefficients 
of terms from n=1 to n= m—1vanish, the deviation from field homogeneity 
will be characterized by the term with n—m. The index m will be called the 
order of inhomogeneity of the field; obviously the greater m, the more uniform 
the magnetic field. 

. Systems with identical values of m can be distinguished by the value of 

Aon,» Which is the coefficient of the term with n= m. 

A system with two symmetrically placed coils has one free parameter ¥, which 
can be chosen to cause the term with n=1 to vanish. For this purpose it is 
sufficient to set P’;(cos~) = 0. Solution of the resultant equation gives 


1 
Celie Sate 3 
cos?) = = (3) 
The distance d from the coordinate origin to the plane of the coil will be 
R 4 
d=>, (4) 
where R is the coil radius. When (4) is satisfied, we have Helmholtz coils, 
the magnetic field of which has been thoroughly analyzed and described by Ruark 
& Peters?, 


From (3) we can readily obtain the magnetic field of Helmholtz coils at any 
given point x,y in rectangular coordinates: 


H, = 0.899176 22 [1 — arn (Bart — 24aty? + 3y4) + 


Ra 
0 
as wees ob Get — 120zty? + 90r7y* — Sys) —.. | ; 
I 9 2 
Hy = 0,517926 45-xy (42° —3y*) —0,425390 a ary (82+ — 20xy? +5y*) +--- we 


Tables 1 and 2 give relative values of the Helmholtz-coil field components 
with x and y expressed as fractions of the coil radius R. For convenience all 
values of H are multiplied by 104, 

Helmholtz coils can be used to compensate the east-west component of the 
Earth's field. The extreme variations of the horizontal component are ~0.005 
oersted. With a Helmholtz coil radius of 1.75 meters, the east-west component 
in the working space of the instrument will be reduced by a factor of about 60, 
giving the required degree of compensation. 

It is evident from the tables that the required compensation of the verti- 
cal component can be achieved only for x <0.1R and y< 0.1 R. This means 
that in our case R must be over 6 meters. This coil radius is too large as 
compared with the dimensions of the spectrometer. Hence for compensation of 
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Table 1 
H, — Hyp * a 
H -104 = — 0.144. (8ar4 — 24a*y? +- 341) -104 
«x0 d 
y 
x 
0 | 0,05 | 0,10 | 0,15 | 0,20 | 0,25 | 0,30 0,35 0,40 
0 0 — 0,0270) —0,432 | — 2,19 | — 6,91 |—16,9 | —35,0 | —64,8 | —111 
0,05} —0,0720)4+ 0,117 | +0,360 | — 0,315) — 3,53 | —11,5 | —27,3 | —54,3 | —96,8 
0,10} —1,15 |— 0,315 | +1,87 | + 4,44 | + 5,76 |+ 3,57] — 5,04) —23,6 | —56,4 
0,15} —5,83 j— 3,92 | +41,51 + 9,48 | +18,4 |+25,9 | +29,2 | +24,6 | + 7,99 
0,20|—18,4 |—15,0 |— 5,04 | +10,5 | +30,0 |+51,1 | +71,0 | +86,1 |+92,2 
0,25|—45,0 |—39,6 |—23,8 + 1,44 | +34,5 |+73,1 |+114 |+155 | +190 
0,30/—93,3 |—85,6 |—62,6 —25,5 | +24,2 |}+84,2 |}+152 |+223 | +294 
0,35 |—173 —162 —131 —79,8 | —10,4 |+74,9|}+173 |+281 | +394 
0,40 |—295 —281 —240 —173 —80,6 |+33,8 | +168 318 | +479 
Table 2 
ts sande tral 
-104 = 0.576 ay (4a? — 3y")-10# 
Hy 
y 
“ = = _ 
o| 0,05 | 0,10 | 0,15 | 0,20 | 0,25 0,30 | 0,35 | 0,40 
0;0 0 0 | 0 0 0 0 0 | 0 
0,05] 0 |+ 0,0360| — 0,576] — 2,48 | — 6,34 | —12,8 | —22,5 | —36,0 —54,1 
0,10] 0} + 0,936) + 0,576} — 2,38 | — 9,22 | —21,2 | —39,7 | —66,0 —101 
0,15] 0] + 3,56 | + 5,18 | + 2,92 | — 5,18 | —21,1 —46,7 —83,9 —130 
0,20| 0| + 8,78 | +15,0 | +16,0 | + 9,22 | — 7,92 | —38,0 | +83,7 —a%i 
0,25) 0} +17,5 | +31,7 | +39,4 | +37,4 22,5 | — 8,64 —59,2 —132 
0,30| 0} +30,5 | +57,0 | +75,8 | +82,9 | +74,5-| +46,7 | — 4,94 —82,9 
0,35) 0} +48,6 | +92,7 |+128 +149 +152 +133 +86, 4 + 8,06 
0,40; 0 | +72,9 {+141 +198 |-+240 |-+261 |-+256 |-+-220 [+147 


both the vertical and horizontal components we must take recourse to some more 
complicated system, producing a greater field homogeneity. 


2. Magnetic field of three coils 
Let us consider a system of three coils with the coordinate origin at the 


center of the central coil and with the outer coils positioned symmetrically in 
relation to the central coil. The field of these three coils will be 


SS 2n 
= 0,25/ f “ aay peti if po Ns ; 
HH, = 0.26 = » (=) Pen (cos ft) [sin’ y \ — ) (=) Pon (COs b) + P,,, i (0)] 
n=0 2 : 
H ¥) Qo . “a f pr \en cos 0 A 
y = 0.2r >, Sin y) P) Gx ) [ Pen +1 (cos 9) wae eee Pon+y (COS 0)| x 
n 

) 2, (21 \f be VO") ' 6 

oh ieaag Alero ine Pn41 (COS ~) + Pansy (0) | ; (6) 


where the indices 1 and 2 pertain to the outer and central coils, respectively. 


@) 


these parameters 


This system has three free parameters cos ¢, = and’ |! %s 


should be chosen so that the coefficients at (r/p)*, (7/9) and (r/p)® vanish. It 
‘can be shown, however, that no values of the three free parameters will cause 
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all three coefficients to vanish. There are many solutions that will make the 
(r/o)? and (r/*) coefficients zero. For the best solution we therefore impose 
the additional requirement that the coefficient of (r/p)* be minimized. 

When the coefficient of (r/p)° is minimized and the coefficients of (r/p)? 
and (r/o) vanish, we find that for a given radius of the central coil the mag- 
netic field becomes more homogeneous as the radius of the outer coils is in- 
creased and, conversely, for a given outer coil radius the field becomes more 
homogeneous as the central coil radius is increased. Consequently, with a sys- 
tem of given size, as characterized by the largest coil radius and the distance 
from the plane of the coil to the center of the system, we obtain the greatest 
lade when R] = Rog = R. The coefficients of (r/o)? and (r/o) then vanish 
when 


u = cos* > = 0.366157; 


N =—"! = 3.76320; d, = 0.760051. (7) 


Wo 


When these conditions are satisfied, the magnetic field becomes 


H, = 1.82151 as [1 — 0.0511462 he (162° — 120a4y? + 90a07y*—5y*)+.. ‘|, 


Hy = 0.558980 222 ary (Sat — 20a%y® + Sy")... (8) 


It is interesting to compare this solution with that of Maxwell (see Ref.3), 
wherein p; = Po» N = 49/32 and u= 3/r, giving the field 


Hy = 1.17810 42/4 — 0.127679 =; (162° - L20z'y? + 90z%y' — Sy®) +--+], 
H, = 0.902507 = ry (Sa! — 20zxty? -! Sy!) —--- (9) 


The new solution gives a field which is more homogeneous by a factor of 2.5 than 
that of Maxwell for the same central coil radius. 

Scott? has suggested that a homogeneous field could be obtained by using two 
pairs of Helmholtz coils connected in opposition. When the pairs of coils have 
a common center and axis of symmetry and the number of turns of each pair is 
proportional to the fifth power of the radius, the (7/p)* term in the expression 
for the magnetic field vanishes. We thus obtain a system with third order in- 
homogeneity. The x-th field component is 


@ ®. 
H,. = 0.899176] (re a oe x 
@) ® 
e) 
@) Os 


2 Stes a 


$s 


x | 1 + 0.078848 (1623 — 120xty? + 9022y! — S5y*) +... |, (10) 


where the indices / and s denote the outer and inner Helmholtz coils, respective- 
ly.Scott used Helmholtz coils differing in size by a factor of 2. In this case 
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It is evident from a comparison of (11) and (8) that Scott's system of coils 
produces a field which is less homogeneous by a factor of 5 than that of our 
three coils. The homogeneity of Scott's field could be improved by increasing 
the radius of the inner coils, but this would sharply reduce the efficiency of 
the system, which we define by 

HOR 


x0 


1a" 


representing the field when the total number of ampere-turns and the radius are 
both equal to unity. 

Tables 3 and 4 give the topography of the field calculated for our system 
of three coils in the same units as for Helmholtz coils. It is evident that a 
coil radius of 1.75 meters produces the required degree of compensation of the 
earth's horizontal component within the working space. However, with this coil 
radius the system of three coils does not provide satisfactory compensation of 
the vertical component and some method of obtaining a more homogeneous field is 
needed. 


3. Magnetic field of four coils 


Let us consider a system of four coils arranged symmetrically with respect 
to the origin. The indices 1 and 2 will pertain to the coordinates and number 
of terms of the outer and inner pairs, respectively. Then 
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1 sin? Y = 2 7 (cos $2) |, 
Hy =s0.4nF tis Sr an P,,, (cos 9) E Pons 1 (cos by) + 2nd Demet 1 


pent 
n=0 
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H, = 0.4xJo,sin >) ren [ Pyn4, (cos 4) — ne Pon+1 (COS 0)] x 

n=) 

®, sin sin? , (eR) 

« [ee aa Pip 1 (08 ,) + = Pin (cos $3) | . 


This system possesses four free parameters: @/e: cos, cos $2 and, /o, ; we 
could thus attempt to have the coefficients of (r/p)’, (7/p)*, (7/p)*° and (r/o) 
vanish. However, the solution would certainly be very complicated; in fact it 
is probable that no solution could be found (as in the case of three coils). 
We therefore attempted to obtain a special solution of three equations with 

ai = Ro» which is convenient from the standpoint of practical design. By suc- 
cessive approximations, we obtained 


Wy == 0.469490; us = 0.0558372; N = ©. — 2.26044; 
dy = 0.940733 R; dz = 0.243186 R. (13) 


The field is then I j 
H,. = 2.25047 7 [1 — ().00438737 ro (128 28 — 1792 zy? + 3360 zty* — 


— 1120 a%y® + 35 y%) +... | 
= (). 0789891 / pe tH (64 2° — 336 ty? + 280 27y? — 35 y8) — .. 
Pea obtained a special solution for four coils with »6,= ,. In his 
solution u, = 0.585310, uw, = 0.0813570 and N = 0.682111 and the resultant ex- 


pressions for the field: 
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He = 0.415093 
Our field is seen to be more homogeneous by a factor of about 2.3 than that of 
McKeehan. 

Tables 5 and 6 give the field topography for four coils and show that the 
vertical component of the Earth's field can be compensated to’ the required de- 
gree in the working volume with a coil radius of 1.75 meters. 

The different systems that have been discussed are compared in Table 7, 
where the first column gives values of m, the order of inhomogeneity of the 
system; the sixth column gives values of s, the efficiency of the system; and 
the seventh column gives value of B/D, the ratio of the width to the thickness 
of the winding that produces the most homogeneous field. Maxwell showed that 

are 


: Der 
terms of the order —, and ar in the expression for the field of a coil, tak- 


ing the finite dimensions of the winding into account, vanish when the condition 


2 12 — 195u -++ 490u? — 315u3 


a 15 — 225u 4- 625u 2 — 315us 


(16) 


Bert Dt B® Pap 


is satisfied, leaving terms of the orders et ae j These terms can 
pe ie We 


be neglected when high fields are not required, so that the cross section of the 
winding may be small. 

The table shows that in the case of McKeehan's equations one cannot choose 
an optimal value of B/D, whereas our solutions are free of this shortcoming. 

In conclusion we should consider how the homogeneity of the field is affect- 
ed by lack of precision in fabricating the coils. Since a rigorous investigation 
of this question would be laborious we have limited ourselves to an estimate. 
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Table 7 
Comparison of different solutions 
) | | | 
f . | ~ : 
m u | Pi . d Aom | Ss BD | Solution 
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a tee 0, 682111 Sates I—0, 0099840000, 450150 ) Matt nein) 
(0, 585310 | 1), 798214 | oo 
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0, 0558372 0, 243186 | 0, 8020 Our solution 
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Imprecision of the coils could lead to additional field terms of the order 
(Q/R) (r/p)? where @ is the deviation from the design dimensions. The allowable 
tolerances in preparing the coils should be determined accordingly. 


Physics Department, 
"V.N.Obraztsov" Leningrad Railroad Engineers Institute 
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FINITE SIZE CORRECTIONS TO THE LAMB SHIFT 
- E.V.Teodorovich 


The experimental values of the .S:,—2P.,- Lamb shift are 1057.77 + 0.10 
Mc/sec in hydrogen and 1059.00 + 0.10 Mc/sec in deuterium.! These values are 
accounted for theoretically by the interaction of the electron with fluctua- 
tions of the photon and electron-positron vacua. It is also necessary to take 
into account the mass corrections and relativistic corrections in the two-body 
problem which were first calculated by Salpeter?, as well as nuclear recoil®, 
Until recently, a discrepancy of the order of 0.6 Mc/sec between the experiment- 
al and theoretical values for the Lamb shift had been unaccounted for. 

We now have a new value for the magnetic dipole moment of the electron: 


hee te (1 + — 0.328 =) = 1.0011596p, ; 


this was determined by Petermann and recently recalculated by Sommerfield* this 
was in good agreement with the latest experimental data of Frankel & Liebes®: 


wr = py (1,001165 + 0,000011). 


This has been used to obtain a new value of the fine structure constant, 1/q = 
= 137.039 (instead of 137.036) and a new value for the higher order electromag- 
netic corrections to the Lamb shift. We thus have 1057.82 Mc/sec for hydrogen 
and 1058.47 Mc/sec for deuterium while still neglecting the volume (finite size) 
of the nucleus. 

It was pointed out some time ago by Ivanenko and Kolesnikov®, as well as 
in the publications of Schwinger's group, that the Lamb shift should be correct- 
ed for the charge distribution in the deuterium nucleus. Recent experiments by 
Hofstadter and others on scattering of high-energy electrons by protons indicate 
arms radius 7 = 0.77-10-13 cm for the proton charge distribution’. 

The finite size of the deuterium nucleus was previously taken into account 
by means of perturbation theory2,8, which gives A: == |p (0)? 7 for the level 
shift, where 7 is the rms radius of the charge distribution. 

Since we now have very exact measurements of the Lamb shift, which is in- 
fluenced by a number of characteristics of elementary particles (the magnetic 
moment, charge, structure, etc.), it is important to obtain a more precise cor- 
rection for finite nuclear and proton size and, in particular, to take into ac- 
count the distortion of the electron wave function due to “smearing out" of the 
nuclear or proton charge. 

A formula for the finite-size correction has been obtained, using the method 
of "refined" wave functions®»9:19, In this method the solution for the outer 
region, where a purely Coulomb field obtains, is joined smoothly with the solu- 
tion for the inner region, in which a non-Coulomb field results from smearing 
of the charge, to find the level energy correction. 

The solution for the outer region is a combination of Whittaker functions 
converging exponentially at infinity for all values of the principal quantum 
number n and becoming the usual solution as a combination of hypergeometric 
functions for integral n. 

The change of the level energy is determined by the change in n as compared 
with the pure Coulomb value: 

An 
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Joining the solutions for the S level gives 
Be chy 2 HA) 
An 2at (-)' (1+ i ar) (2) 


2 
where To= » & is the function-joining radius and / and g are the radial com- 


ponents of the Dirac solution. 


In the inner region, we can to a good approximation set g=a. We then have 
ig 


jf=«a <r \ V (x) a*dz, (3) 
0 
where 
which gives 
R R me 
cee et 2 
An=— 7 \\ 0 (x) ade) (\ p (x) ade) A (5) 


or, taking # sufficiently larger than the region of charge distribution, 
oe a(t . 
An = > (=) ; (5a) 


Inserting An into the equation for As), we obtain a result which agrees with 
perturbation theory. 

It must be emphasized, however, that the method of per ined wave functions 
can be used to obtain an additional shift due to wave function distortion inside 
the smeared nucleus or proton. For this part of the correction we obtained 


As(?) = — Aza? is. s 2 \ix—r|o(@) o(r) dxar =X 0 (r) ar| =| aide \ — 2 ag ,.€6) 
3 io ro : ; ys =| \ |x—y| y] 
where the first term takes into account the change of wave function normalization 
BN =. AD, the second term takes into account the change in principal radial com- 
ponent gof the Dirac solution and the third term is due to the effect of the 
small f/ component. 

It should be noted that our equation for As) can be used in hyperfine 
structure theory and in the experimental determination of the fine structure 
constant. In Ref.10 a different method was used to obtain the second term in 
the equation for As); Ac® + Ac) was determined by using the value of 7 
obtained by Hofstadter et al’ in scattering experiments. The integral in the 
second term of As‘) for real charge distributions can be represented very ac- 
curately by 47/3; the third term makes a maximum contribution of 0.006 Mc/sec and 
may be neglected at the present stage of comparison with experiment. 

Thus the finite size correction to the Lamb shift requires only that we know 
the rms radius of the charge distribution. Hofstadter's results are Fj, = 0.77: 
*10-13 cm and fp = 1.96-10-13 cm. We also calculated the finite size correction 
for tritium; in this case allowance for the finite size of the proton and a wave 
‘function obtained by the variational method yielded 7; = 1.42-107195 cn. 

The best values of the Lamb shift including finite-size corrections are now 


Sy = 1057.90 + 0.13, 
Sp = 1057.10 + 0.13, 
= 1058.99 x Oars. 


Sp 
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It should be noted that the potentialities of experimental techniques for 
‘determination of the Lamb shift have still not been exhausted and that increased 
experimental accuracy may provide information on the size of the charge distri- 
bution region and the character of the distribution as well as about the struc- 
ture of other elementary particles, especially the neutron and electron. 


Department of Statistical Physics and Mechanics, 
Moscow State University 
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ACCURACY OF MAGNETIC FIELD MEASUREMENTS BY THE NUTATION METHOD 
- A.I.Zhernovoi, Iu.S.Egorov and G.D.Latyshev 


The principle of magnetic field measurement by the nutation method was 
described by us in an earlier paperl. A continuous stream of water passes suc- 
cessively through a strong magnetiz- 
ing field, a cavity in the field to 


~az 
mag) MN neas a be measured, where a high-frequency 


homo transverse field is applied (the 


nutation head), and the usual ap- 
paratus for detecting nuclear reson- 
ance (Fig.l). The amplitude of the 
nuclear resonance signal is propor- 
tional to the projection, on the 
external field direction, of the re- 


Fig.1. Block diagram of apparatus for sultant nuclear magnetic moment in 
measuring inhomogeneous magnetic fields: a unit volume of the water entering 
1 - high-frequency generator, 2 - frequen- the nuclear magnetic resonance head. 
cy meter, 3 - NMR detector, 4 - oscillo- When we neglect relaxation pro- 
scope, 5 - NMR head, 6 - nutation head, cesses, the solution of the Bloch 

7 - cavity in magnetizing field. equation in a rotating coordinate 


system for nuclei leaving the nuta- 
tion head gives the following expression for this projection: 


es Hy SF og er 
M, Mel 1 — eh ae (cosy Vie amr aa ‘)], (1) 
where Hy is the half-amplitude of the oscillating field, AH is the deviation of 
the external field from resonance, y is the proton gyromagnetic ratio, Vy is the 
volume of the nutation head, Q is the rate of water flow and M, is the resultant 
nuclear magnetic moment in a unit volume of the water entering the nutation head. 
At exact resonance in a homogeneous field, the first negative absorption 
Signal appears when 


yH, ~—=nr. (2) 


= 


Subject to this condition, M,/M, from 
(1) as a function of AH/H, is shown in Fig. 
2. It will be evident from this plot that 
the absorption signal: can possess negative 
polarity only when the departure from reson- 
ance AH < 0.8 Hj. For 0.8 H, < AH <1.5 Hj, 
the signal is only reduced in amplitude. 

Thus variation of the absorption signal will 
be observed only as the field (or frequency) 
is swept through range AH = 3 Hj; practically 
no nutation will be observed outside this 
range. 

The center of the nutation region can 
Fig.2. Amplitude of first nuta- at worst be determined within 10%. Therefore 
tion extremum in a homogeneous the error in a homogeneous field is given 
field as a function of field by 
departure from resonance. 


= 0.3 Hj. (3) 


3. 
homo 
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From (2) we have 


_ Qa 
Hy SE (4) 
whence 
. 0.3 = ie = 3.5-10°5 [Oe sec] a : (5) 


Now let us consider the case of an inhomogeneous field. 

Let the head be a cylinder of diameter d and length / (in the direction of 
flow). The existence of transverse inhomogeneity with the gradient K, requires 
fulfillment of the condition 


dK <1.5H,. (6) 


Otherwise, the nutation is greatly weakened. The error of measurement is now 


¢=0.1(dKy +3). (7) 


For longitudinal inhomogeneity with the gradient K,, the error is given by 


ga IA 40 A); (8) 


When both types of inhomogeneity are present, we have 


ges 0. CUR Ka een) (9) 


In an inhomogeneous field (2) no longer holds for two reasons: first, the 
transverse inhomogeneity AH reduces the relaxation time rah to T*~ 1/yAH; second 
the condition for exact resonance can no longer be satisfied at all points of 
the nutation head and, as we see from (1), for a given AH the nutation frequency 


becomes 
=yh) Ae 4+. AH*., (10) 


Evaluations show that when (6) is satisfied, relaxation has no significant 


effect on the nutation. 
When the resonance conditions are satisfied at the center of the head, the 


"detuning" of the field from resonance is given by 
AH (x,y) = Kix+ Kay; (11) 


where 2 and y are the longitudinal and transverse coordinates along axes parallel 
to A, and Ku, respectively, with the origin at the center of the head. The de- 
tuning averaged over the cross section is 


AH (a) = Ki. (12) 


Invoking (10) and (12), we obtain the nutation angle of the specific result- 
ant magnetic moment of the nuclei leaving the nutation head: 


l 
‘nt 


es \ VW + Kycdz. (13) 
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After integration we have 


6 = Vilna? . (14) 
J ZO m, 
where 
/ b2 b 
ys RY baa. Se 
2 4 2 
m= - yi +6In AY caseaeanr < a ; (15) 
147. ——; 
4 2 
wherein 
Kl 


=. 

When the condition for the first negative nutation signal is satisfied 
(=n), we Parnas the following expression for the amplitude of the oscillating 
field: 


4Q 
i= yld?m ° (16) 


Inserting (16) into (9), we obtain the error of measurement in the inhomogeneous 
field: 


: ’ 2 
= 0.1 (Kil + Kad + =). oe 


The optimum conditions together with the requirement (6) give expressions 
for the dimensions of the head which will produce the minimum error: 


eek 6Q . (18) 
opt— ylmK 4’ 


aa © 12Q . (19) 
opt~ | ymk, * 


with m= 1.07. 

Making use of Eqs.(18) and (19), we can express the dependence of the opti- 
mum nutation head parameters and the minimum error on the rate of flow and the 
magnetic field inhomogeneity. When the longitudinal and yrermaes se gradient 
are related by A, =ak,;, we have , 


Py aeUe o> (ame i). /Oe 
rae 14 rR = 0-2 [Oe"«seo'e] 1 / Gr (20) 


l 


dopt= V/' 5 seKy = 0-1 [Oe'ssec" Ve Be (21) 
1 / 0.6 Qa?K ae 
ign y= aadiad = 0.07 [Oe"*sec’] Vy Qa*h? , (22) 


Smin = 0.05 [Oe’«sec™s] V Oak’. (23) 
The optimum parameters are related simply by 
Kilopt= 2 Kadopt= 3Hf;: 
Smin = 0,29 A ilopt= 0,0 Aadopt= O: 72a ys: 
Table 1 gives the optimum parameters for a few values of ¢, A, and a. The 
choice of Q is dictated by the requirement of obtaining a good signal from the 


absorption head; A; is determined by the geometry of the measured field; a 
depends on the position of the nutation head. 
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fea : Table 1 It is obviously ad- 
Optimum parameters of nutation head vantageous to have 
Q=100 ao ~1 ; [poe ee oe the water flowing in 
Nl ls A Z a the direction of the 
Ky. | ei. external field gradi- 
oi nad 100 10 j 0,1 0,01 Geeor 100 10 | 0,1 0,01 ent. 
Table 2 gives 
l,cn |0,20/0,35] 0,63 | 1,1] 2,0 | 2, em |0,07/0,12] 0,20 | 0,35 | TS Pioneer sear cece ge ae 
| . relative error in 
field measurement on 
the field strength, 


d,cm |0,10 0,17] 0,8 0,55/ 1,0 | d,cm |0,410,6 | 1,0 | 1,7 3. 
| 


assuming an inhomo- 
0,16 | 0,02 | 0,004) o, Oe | 1,5 |0,26| 0,05 0,0 0,002 geneity of 1072 cm-l. 
The error is defined 
Hy, Oc |8 1.3 0,25 | 0,03 | 0,006) #,, Oe {2.3 10,36{ 0,07 | 0,01 | 0,002 28 %mn/4meas* For 
: nutation head para- 
meters other than 
the optimum ones, the 
error must be found 
from (17). 
Table 2 In designing nutation heads, 
Variation of the relative field measurement one must observe the condition 
error with the field strength 6 
mQ 
“i a 3 : : 107“ al lise as 
Q@ =100 cm/sec, a=0.1, inhomogeneity cm YAg 
erie | | a | - a | ; When a head is a parallelepiped 
meas with the sidesa, band /, the 
field gradients parallel to 
“ 1.5-40-4 | 2.6-10-4 5.40-4 6-10-4 | 410-8 the sides are K,, Ky, and K; 
Hneas and the water flows along /, 
the optimum parameters are 
given by 
15H 15H 3 A, 
opt = K, zh bopt= KR» lopt= K, ’ 
H,= V 22K. Ky Ki = 0.07 [Oe sec'ls] V QKakyki; 


Smin — 0.75 Hy. 


It follows that the nutation method can give good results as regards absolute 
measurements of fields with steep gradients. The fact that the nutation effect 
is not dependent on the external field strength makes this method useful for ab- 
solute measurements of very weak fields. 

In practice the accuracy of measurement can be appreciably higher than indi- 
cated by the above formulas, which are based on assumptions that clearly result 
in overestimation of the errors. This applies especially to weak fields, for 
which the optimum nutation head parameters can readily be realized. Our prelin- 
inary experimental results tend to support the aforesaid. 


"V.N.Obraztsov" Leningrad Railroad Engineers Institute 


Reference 
_ 1. A.I.Zhernovoi, Iu.S.Egorov & G.D.Latishev, PTE (Instruments & experiment- 
al techniques), No.5 (1958). 
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NEW TECHNIQUE FOR MEASURING THE SPIN-LATTICE RELAXATION TIME OF LIQUIDS 
- A.I.Zhernovoi and G,D, Latyshev 


1 By using a nuclear magnetic resonance head with a flowing resonating materi- 
al” it is possible to determine the longitudinal relaxation time. If V, is the 
volume placed in the strong polarizing field Hj, H, is the weak homogeneous 
field in which the nuclear resonance head is located, V3 is the volume traversed 
by the liquid in field H3 before entering the head and Vo is the volume in the 
stray field Hg between fields H, and Hs, then provided the conditions 


aN, =v, =e 
H, < Hye: and (1—e®) H;< Hye: 


are satisfied, the amplitude of the nuclear magnetic resonance signal is de- 
scribed by 


se yok 
A, ~ Hye2t: (14 — e&"), 


where Q is the rate of liquid flow. This formula has been checked experimentally. 

By studying the dependence of the signal amplitude on the volume Vo or Vy 
with Q constant, we can determine absolute longitudinal relaxation times exceed- 
ing 0.05 sec to within a few percent. 

The merits of this method are that it can be used with any nuclear magnetic 
resonance set-up, that it does not involve errors due to the effect of a high- 
frequency field on nuclear resonance and that it can be used to measure Tj for 
nuclei in any magnetic field beginning practically with a zero field. 

Results of relaxation time measurements made by means of this technique 
are consistent with the data obtained by other methods. The procedure can also 
be used to investigate solvation, the formation of complexes in chemical reac- 
tions, catalysis, etc. 


"V.N.Obraztsov" Leningrad Railroad Engineers Institute 
Reference 


1. A.I.Zhernovoi, Iu.S.Egorev & G.D, Latyshev, PTE (Instruments and experi- 
mental techniques, No.5 (1958). 
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NEW TECHNIQUE FOR MEASURING SPIN-SPIN RELAXATION TIME OF LIQUIDS 
- A.I,Zhernovoi and G.D.Latyshev 


Measurements of the relaxation times, which characterize complex internal 
interactions within matter, further our understanding of such interactions. Our 
technique, unlike all othersl-4, determines the spin-spin relaxation time for nu- 
clei in a very weak magnetic field, which can in principle be nearly zero. The 
technique can be used in connection with any set-up for recording nuclear reson- 
ance, but only for liquid samples with a spin-lattice relaxation time T; > 0.05 
sec. 

The sample is first kept in a strong field long enough to attain full polar- 
ization of the nuclei and then passes through a connecting tube into a cavity of 
volume V within a very weak homogeneous field that is shielded from external 
fields. The inhomogeneity of this field across the liquid stream must not ex- 
ceed 1/7T 9; where y is the gyromagnetic ratio of the nuclei and To is the relax- 
ation time to be measured. This condition can be fulfilled more easily with a 
low field strength. 

In the cavity, the resultant nuclear magnetic moment is rotated by the 
resonant oscillating field into a direction perpendicular to the external mag- 
netic field; when the sample emerges, the magnetic moment of the nuclei again 
becomes parallel to the field. 

If Q is the rate of liquid flow, the resultant nuclear magnetic moment is 

—V 
reduced by the factor e QT: during the time the nuclei are in V. This is deter- 
mined by means of the amplitude of the NMR signal from the nuclear resonance head 
in the weak homogeneous field that is entered by the liquid from V. If for vol- 
umes Vj and V5, the NMR amplitudes are A, and Ao, respectively, we have 


Tr. — Ya—V: 
pee ae Bae 
ln 
Qln= 


: 2 

When Tp< 0.01 sec, for which a too small volume V is required, we may, by 
using only one of the oscillating fields, determine Tg from the dependence of 
the nutation signal amplitude on the rate of liquid flow, 


"V.N.Obraztsov'’ Leningrad Railroad Engineers Institute 
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; 
LEVEL SHIFTS AND THE PROBABILITIES OF CORRESPONDING B- AND y-TRANSITIONS 
IN ODD NUCLEI 
- V.S.Shpinel' 


The independent-particle model provides a qualitative explanation of many 
properties of low-lying nuclear levels. Quantitative explanations have thus 
far not been derived, except in the case of strongly deformed nuclei which can 
be described by the unified nuclear model. 

New empirical relations are required for the purpose of making the shell 
model more exact. The present paper presents a systematics and analysis of ex- 
perimental data pertaining to excited states of odd-A nuclei adjacent to nuclei 
with closed shells. Similar discussions can be found in Refs.1-4. 

In the light of the independent-particle model, we may expect nuclei with 
identical numbers of odd particles outside the closed shell to have similar level 
schemes. Such nuclei with the same number of odd particles may contain either 
an even number of neutrons or an even number of protons. At present we already 
know of many such nuclei in which the predicted levels and sequences of levels 
have been observed. The separations and properties of corresponding levels will 
vary with the number of pairs in the even nucleon group. It is of interest to 
determine the character of such variations. 


Level Shifts 


The experimentally observed level shift which is associated with the addi- 
tion of a particle to the nucleus can be interpreted with the aid of the follow- 
ing model. Let us first consider two nuclei in which the odd group contains 
the same number of neutrons, while the even number of protons differs by a single 
proton pair in the state /,, with resultant total spin I, = 0. In the general 
case, this pair of particles will interact with the odd particle group and with 
the remaining particles. The interaction energy will depend on the states of 
the given proton pair and of the other particles. Interactions with particles 
whose states are identical for different nuclear levels can only induce a common 
shift of the entire spectrum, i.e., an equal shift of all levels. It is evident 
that only interactions with the odd neutron group, which has different states 
for different excited levels, can induce relative level shifts. 

Let us consider the separation of two levels in a nucleus (Z,N) and the 
separation of the corresponding levels in a nucleus (Z + 2,N), where Z is an 
even number of protons. In view of the foregoing, the energy F), (Z + 2,N) of 
a state with a given value of /, in the nucleus (Z + 2,N) can be expressed in 
terms of the corresponding energy level F;, (Z, N) in nucleus (Z, N) and the inter- 
action energy as follows: 


E;(Z +2, N) = Ej(Z,N) + Hj. (Z,N) + Viigs (Zi), qa) 
where H;,,(Z,N) is the interaction energy of the proton pair and the core, and 
Vij»(Z,N) is the interaction energy of an odd neutron in the 7, state with a 


proton pair in state ;,. The separation of the j and j’ levels in the (Z + 2,N) 
nucleus is given by 


£;(Z +2,N)— Ey (Z + 2,N)=A;;(Z2+2,N)= Aji (Z, N) + AV 559 (Z, N). (2) 


It is thus evident that the relative level shift in our approximation is 
given by the difference between the interaction energies - 
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AV ijigs (Zs N) = Vii igs (Z, N) —V7,5,4(Z,N) (3) 


- in states 7 and j’. If n proton pairs are added at the /, level to the (Z,N) 
nucleus, the general expression for the jj’ level separation is 


Re ig + 2n, N) = Ajy (Z, N) + nV 55,5,4(Z, N) + 
2(n—1 5 
o 2 [AV iirjgn(Z + 2 (n —1), N) — AV 5,5, 4(Z, NY). (4) 

Eq. (4) contains a sum of terms for the variation of AV j5,5ps with Z because the 
interaction between an odd particle and a proton pair may depend on the number 
of protons in the core. If this dependence is neglected,the relative level shift 
will be given only by the second term in (4), which is proportional to n. In 
this case the plot of level separation as a function of the even number of parti- 
cles in the same /, state would be a straight line; this relation will herein- 
after be called the level shift curve. With changing Jp ~ the level of the last 
proton pair - the level shift curve will show a bend which is associated with the 
dependence of AVjj,j,. on jp. 

Similar considerations apply to cases of odd Z and even N, i.e., to isotopes 
differing by an even number of neutrons. 

Figs.1-6 are level shift curves plotted by us on the basis of data in the 
literature”. Fig.l gives the curve for the proton level separation g»,—p), as 
a function of the even number of neutrons. The number of protons is indicated 
for each curve pertaining to a different isotope. The level of the last neutron 
pair according to the Mayer scheme is shown below the numerals denoting the even 
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Fig.l. g»,—p,), proton level separation in isotopes with odd Z as a function of 

the even number N of neutrons ("level shift curves’). The number of protons Z 

is indicated for each curve. The indicated neutron level sequence is based on 
the Mayer scheme. 

Fig.2. Level shift curve for the proton level sequence 381, — 2d», — 2d), in Tl 

isotopes (Z = 81). 

Fig.3. Level shift curve for the proton level sequence 19:,— 2d:,,— 2d, in Cs 

isotopes (Z = 55). ie 
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number of neutrons. A similar figure is given in Ref.2, in which it is assumed 
that the g.,—p), level pair in Nb%1 is inverted by comparison with the corre- 
sponding levels of the other niobium isotopes and that the ground state of Tc97 
is g.,. This figure does not include Tc93, which was investigated later. The 
given assumptions serve the purpose of obtaining a maximum at N = 50 in the 
curves for niobium (Z = 41) and technetium (Z = 43). When we also consider the 
point for Tc93 and the order of levels obtained in the studies of Refs.6 & 7, 
the maximum for niobium isotopes is found at N = 52, and for technetium isotopes 
at N = 52 (as shown in Fig.l), or at N = 54 if the ground level of Tc97 is as- 
sumed to be p,,. Figs.2 & 3 contain the curves for successive 3s.,— 2dy,— 2d.) 
levels in Tl isotopes and the successive 18:,,— 2d.,,—2d,, levels in Cs isotopes, 
respectively. 

In all instances the experimental points lie on curves rather than on 
straight lines. There is a natural bend at N = 50 for yttrium isotopes (Z = 39), 
since the last neutron pair in y89 is on the 1g, level and completes the filling 
of the 50-neutron shell, while in y9l the last neutron pair, which is on the 

_,2ds, level, begins to fill a new shell. For the same reason , we might expect 
a maximum at N = 50 for Nb and Tc isotopes, but this is not observed. The dif- 
ferent positions of the maxima in these curves are evidently associated with 
different orders of filling of the 2d:, and 1g: neutron levels, regarding which 
orders we still have no direct information. The level shift curve for In iso- 
topes shows the same slight curvature as the curves for Tl and Cs isotopes. In 
thallium isotopes the last neutron pair is on the {i»,, level and for cesium iso- 
topes on the 2d,, level. The smoothness of the curve for In isotopes indicates 
that the order of filling of neutron levels here differs from that shown on the 
basis of the Mayer scheme in Fig.l. In In115 and In1l17 the last neutron pair 
evidently fills the same level, which is most likely (thy). 

The shifts of neutron levels as a function of an even number of protons, 
which are shown in Figs.4-6, are similar in character. The curves for the 
g),— py), neutron level separation in N = 49 isotones (4) shows slight bending 
at Z = 38 and 40, corresponding to the filling of the ij, and 2p), proton levels. 
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Fig.4. —p,, neutron level shifts in isotones with odd N. 
Fig.5. Alene 2d, neutron level shifts in isotones with odd N. 
Fig.6. 1i,,— 2, neutron level shifts in isotones with odd N. 
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Unfortunately, we have only two points on this curve for N = 39 and 47, so 
that we do not know the shape of the corresponding curves and only infer that 
the observed shifts represent a common tendency. 

The level shift curves for the 1hu, and 2d, levels in isotones with N = 
= 71, 73, 75, 77, 79 and 81 and for the ti»,—2/,, separation in isotones with 
N= 115, 117 and 119, which are shown in Figs.5 and 6, also exhibit curvature. 

A sharp rise is observed for the 1i»,—2/., shift as we go from Z = 80 to Z = 
= 82, when the 2d:, levels have already been filled and the last neutron pair 
enters the 3s,, level to fill the 82-proton shell. 

Figs.1-6 can be summarized as follows. The level shifts are represented by 
slightly bent curves which vary according to the level that is filled with an 
even number of particles. This property can be used to elucidate the order of 
filling of nuclear levels. The given facts indicate, first of all, that the 
independent-particle model furnishes a very reasonable approximation even for 
such fine details as level shifts. As has already been mentioned, the deviation 
of the curves from straight lines can be attributed to the fact that the inter- 
action energy of an odd particle and a proton pair varies with the number of 
particles in the core. In other words, this interaction energy generally depends 
on the potential well containing the interacting particles, i.e., 


V33-.(2 N) #V33,..(2 + 2, N) 
and inign ( ) Ip +a} 
V;5,.(Z, N) #V;,;,.(Z, N + 2) 


Gamma-transition probabilities 


Single-particle states can no longer be 
used when a different kind of interaction is 
5 2299 involved. The departures from pure one- 
Ny particle wave functions will affect the 7- 
transition probabilities and, if, as we can 
infer from the level shift curves, these de- 
ot Cee te partures vary smoothly from nucleus to nu- 
4 cleus, the y-transition matrix elements for 
these nuclei will also vary smoothly. The 


variation of the y-transition matrix elements 
for the nuclei represented by the level shift 
3 curves can be traced mainly in the case of M4 


a tS ae aks transitions, for which we have the required 
Fig.7. Reduced probabilities of experimental lifetimes. The reduced probabili- 
M4 transitions in odd isotopes ties, log (tT 2p9), of M4 transitions for the 


9 
log(t A*EY) 


as a function of even numbers given nuclei are’ plotted in Figs.7 & 8 as a 
of neutrons. The proton number function of even numbers of neutrons and pro- 
Z is indicated at each curve. tons. Dependence on the nuclear energy and 


The dashed line represents the radius is excluded. In these figures the hori- 
theoretical value for a single- zontal dashed line represents the theoretical 
particle proton transition. value of the reduced probability, which was 
calculated by means of the Weisskopf formula. 

It is evident from the figures that the expected smooth experimental curves 
are obtained whenever the corresponding level shift curves are smooth. The 
bending of the curves for Y, Nb and Tc isotopes can evidently be correlated with 
the aforementioned maxima in the level shift curves. It must be noted, however, 
that the experimental points for Nb and Tc isotopes in Figs.1 and 7 are not 
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entirely reliable, so that the inflec- 


; x es tion points are not absolutely certain. 
a N=8f es We may expect that more exact data will 
or N=NS improve the correlation between the 
ee Se level shift curves and the correspond- 
e é ing 7-transition curves. 
bog! We have only meager information 
’ concerning the lifetimes for other 

3 aa Se y-transitions between the levels repre- 

56 40 52 «56 $6:°° 82:2 


sented in the level shift curves. Fig. 
9 shows the reduced probabilities of Ml 
transitions in Cs isotopes as a function 
of the even number of neutrons, and the 
reduced probabilities of E3 transitions in 
N = 43 and 45 isotones as a function of the 
even number of protons. Unfortunately, each 
of these curves is based on only three points, 
but the arrangement of the points suggests that 
there do obtain definite regularities. 

While the matrix elements for some multi- 
poles fluctuate considerably for different 


Fig.8. Reduced probabilities of M4 
transitions in odd isotones as a 
function of even Z. 


76 80N 32 86 2 


Big. 9. a - Reduced probabilities 


of Ml transitions in Cs isotopes 
as a function of even N; b - 
reduced probabilities of E3 
transitions in isotones with 
odd N (indicated on the curve) 
as a function of even Z. 


nuclei, we know that the fluctuation for M4 
transitions is relatively minor. The depend- 
ence of reduced probabilities for M4 transi- 
tions on the number of particles in the nucle- 
us, which we have noted (see also Ref.3), 
throws light on the nature of these fluctua- 
tions. 


Beta-transition probabilities 


Smooth variations of the wave functions associated with the states of the 


given nuclei must also affect the 


probabilities of B-transitions, which depend 


on the initial-state wave function in the original nucleus and the final wave 


function in the terminal nucleus. 


For initial nuclei with the same number of 


odd-group nucleons, the odd number of particles in the final nuclei will differ 
by 2, 4,... particles and, conversely, for final nuclei with the same number of 
odd-group particles, the number in the initial nuclei will not be the same. We 


cannot find data on enough nuclei 


for "corresponding" §-transitions. 


more seldom three) 6-transitions. 


to provide a comparison of the matrix elements 
The majority of our examples show two (or 
The curves in Fig.10 for log ft (for corre- 


sponding B-transitions) as a function of even N show that in most instances the 
probabilities of corresponding S-transitions vary smoothly and not very strongly, 
although each curve has been plotted through only two or three points. 

However, the Zr97—Nb97 B-transition probability differs considerably from 


the other two corresponding B-transitions, Zr95--Nb9° and Zr93—-nb93, This 


difference can be associated with the way in which the neutron levels with N = 


= 56 are filled. 


—11/2- transitions). 


A similar sharp distinction is observed for the [1354xel35 


'B-transition compared with 113l—xe131 ang 1133-+xel33 p-transitions (7/2+— 
| We note that in these iodine isotopes the number of neu- 


trons varies from 78 to 82 and that, as shown above, this variation is accompani- 
ed by a variation of the level shift curves (Fig.6). 
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Fig.10. Log ft for B-transitions as a function of even N. 
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COMMERCIAL PHOTOMULTIPLIER WITH IMPROVED TIME RESOLUTION 
AND LARGER OUTPUT CURRENT 


- A.G.Berkovskii, L.G.Leiteizen & V.G.Pol'skii 


A reportl presented at our previous conference gave some preliminary data 
on a new 13-stage FEU-33 photomultiplier tube designed specifically for investi- 


gation of nuclear processes separated by extermely short time intervals. 


The 


following results have been obtained in more recent tests of the FEU-33 tube. 


1. Static parameters 
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Fig.1. Sensitivity distribu- 
tion in batch of 124 FEU-33 
tubes: applied voltages for 
sensitivities of 100 amp/lumen 
(solid line) and 1000 amp/lu- 
men (dashed line). 


Amplification 


1 oe) L8 
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Fig.2. Amplification of FEU-33 
(solid curves) and RCA-6810 
(dashed curves) as a function 
of supply voltage. 


According to the technical specifications, 
the integral sensitivity of the FEU-33 cath- 
ode, like that of the FEU-29 cathode, must be 
at least 30 pamp/lumen. The average integral 
cathode sensitivity of photomultipliers manu- 
factured during the past two months was found 
to be 40 pamp/lumen. The integral photomulti- 
plier sensitivity is gaged by measuring the volt- 
age required to produce sensitivities of 100 and 
1000 amp/lumen, which values correspond approxi- 
mately to current amplifications of 3°10° and 
3°107, The total voltage was divided equally 
between the sections of the voltage divider. 
According to the technical specifications, the 
voltages corresponding to these amplifications 
should not exceed 2100 and 2900 v, respectively. 
Fig.1 shows how 124 FEU-23 samples were distri- 
buted with respect to supply voltage for sensi- 
tivities of 100 and 1000 amp/lumen. We note 
that the 100 amp/lumen sensitivity is reached 
at 1700 v on the average and 1000 amp/lumen at 
2200 v on the average. 

The sohid curves in Fig.2 show the ampli- 
fication as a function of the supply voltage 
for three FEU-33 tubes. The dashed lines in 
the same figure pertain to three RCA-6810 14- 
stage photomultipliers developed in recent years 
for the same purposes as the FEU-33. A compari- 
son shows that the FEU-33 provides higher ampli- 
fication than the RCA-6810 below 2000 v and 
practically the same amplification at higher 
voltages. This is accounted for by the fact 
that below 150-200 v cesium-antimony emitters 
exhibit higher secondary emission than alloy 
emitters. 

With increasing voltage the secondary emis- 
sion of the alloy rises more rapidly. The same 
effect is observed when we compare amplification 
in FEU-29 (with cesium-antimony emitters) and 
FEU of the same design with alloy-type emitters. 
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2. Pulse-height resolution and noise 


0.4 0.6 0.8 
Current pulse height, amp. 


Fig.3. FEU-33 distribution with respect 


to pulse heights. 


(Supply voltage - 


2800-3200 v.) 


Fig.4. FEU-33 current linearity 
characteristics. 


According to test results the 


FEU-33 tube is practically as good as 


other types with respect to pulse- 
height resolution. In work with a 


NaI(Tl) crystal and Csl37 the relative 


line half-width for the great majority of tested tubes was in the range from 8.5 
The noise level was of the order 3-4 kev at a counting rate of 50 pulses 
per second (Cs!37 & NaI(T1) combination). 

FEU-33 current pulses were measured with the cathodes exposed to 1079 sec 


Lode A Ae 


light flashes (sparks) at the rate of a few thousand per second. 
flux was sufficient to produce space charge limited pulses. 


The luminous 
The standard divider 


with an overall average supply voltage of 3 kv was used in the tests. 


Fig.5. FEU-33 pulse oscillograms. 


Fig.3 shows the current 
pulse height distribution of 50 
FEU-33 tubes. The minimum cur- 
rent was 0.3 amp and the maximum 
l amp. Pulsed currents above 1 
amp could be obtained from indi- 
vidual photomultiplier tubes by 
using a matched special voltage 
divider. 

An investigation of the out- 
put current characteristics at 
an overall voltage of the order 
4 kv, of which 1.5 kv was applied 
between the last emitter and the 
anode, revealed that the FEU-33 
are linear on the average up to 
0.5 amp, with values of from 0.4 
to 0.8 amp for individual tubes 


(Fig. 4). 
3. Time characteristics 


In a coincidence set-up of 
two FEU-33 tubes with one crystal 
and one Co§90 source, the half- 
width of coincidence curve fluctu- 
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ates from 2 to 4 mu sec (at 50% counting efficiency). 

FEU pulse shapes were observed in our laboratory by means of a high-speed 
oscilloscope. The light source was the same spark discharge as was used for 
current pulse measurements. Two photographs of anode pulses are shown in Fig. 
5. Analysis of the oscillograms showed that the pulse rise times were approxi- 
mately 2.5-3 mu-sec and the total pulse durations little longer than 10 musec. 
Pulse shape and the appearance of a substantial rise on the trailing edge de- 
pend on the voltage division, i.e., the after pulse can be minimized through 
appropriate modification of the voltage divider. 


Reference 
1. L.G.Leiteizen, A.G.Berkovskii, I.Ia.Breido, V.M.Glukhovskoi, 0.S.Korol' - 


kova & E,I.Tarasova, Izv.AN SSSR, Ser.fiz., 21, 1653 (1957). (Trans.Bulletin 
21, No.12, 1639.) 
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NEW DATA ON COMMERCIAL PHOTOMULTIPLIER TUBES FOR SCINTILLATION SPECTROMETERS 
yes” - A.G,Berkovskii, I.Ya.Breido, B.M.Glukhovskoi, 0.S.Korol'kova, 
L.G,Leiteizen and E.I.Tarasova 


The principal features of new types of photoelectric multipliers for spectro- 
meters were described! at the Seventh All-Union Conference on Nuclear Spectro- 
scopy. The present paper gives new data on previously developed types, which 
have been put into production, and some information on new tubes developed in 
1957. 


1. Photomultiplier with 34-mm Diameter Cathode 


40 


30 


20 


Percent tubes 


10 


8 9 10R,% ; Tho, 
noisakev 


Fig.1. Performance distribution of 
500 FEU-29 tubes with a standard 
voltage division: a - pulse-height 
resolution with NaI(Tl) and Cs137; 
b - noise. 
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~e~ .» —».- —e -—*-—e 


90 
f 4 J t, hr. 


Fig.2. Variation with time of FEU-29 
photopeak for several different tubes. 


In 1957 a large number of the FEU- 
29 - the principal spectrometric type - 
was produced. 

Extensive tests were run to deter- 
mine a standard voltage distribution 
for the first stages to insure a good 
pulse-height resolution. The results 
for 500 photomultipliers manufactured 
in December 1957 and tested with the 
standard Csl37 - NaI(T1) combination 
are shown in Fig.la. . The noise level, 
measured at 50 pulses per sec with a 
band width of a 3 Mc/sec, is shown in 
Fig.1lb. Most tubes have a noise level 
below 3 kev noise and more than half 
of them below 2 kev. 

These data fully refute Khlebnikov's 
claim? that it is inadvisable to combine 
this multiplier system with an end- 
window cathode in designing spectrometric 
photomultipliers. 

Fig.2 shows the variation with time 
of the photopeak from Cs!37, measured 
for a few samples of FEU-29, by means 
of a single-channel discriminator at n = 
= 2000 pulses/sec and pulse height of 
4 v. For most of the tubes the measured 
photopeak variation lies within the usual 
limits of experimental error after the 
initial "stabilizing period". The data 
show that, contrary to Khlebnikov's as- 
sertion, at normal loads cesium-antimony 
emitters are no less stable than alloy 
emitters. Our earlier measurements? of 


photomultiplier stability at a mean output current of 100 pamp also showed that 
the emitter material is a minor factor where stability is concerned. 
In order to test the possibility of producing spectrometric photomultipliers 


with higher resolution, we experimented with multiple-alkali cathodes, 
lots of FEU-29 tubes were produced with Sb-Na-K and Sb-Na-Cs cathodes and AMGK(Al- 
The amplification with the Sb-Na-K-Cs cathode was the same 


Mg) alloy emitters. 


Small 


as with the usual Sb-Cs cathode and alloy-type emitters. Photomultipliers with 
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cathodes without Cs required 
% voltages about 15-20% higher 
100 
to produce the same amplifica- 
tion. 


The spectral character- 
istics of these cathodes are 
shown in Fig.3. The photomulti- 
pliers had the following sensi- 
tivities: Sb-Na-K - 20-30 yamp/ 
/lumen ("blue" - 4-7.5 yamp/lumen) , 
Sb-Na-K-Cs - 80-120 pamp/lumen 
- . (‘blue - 8.5-18 yamp/lumen). 
3400 4000 5000 6000 7000 A The best samples. exhibited a 
Fig.3. Spectral characteristics of FEU-29 type pulse-height resolution of 8%. 
tubes with different semitransparent photo- 
cathodes; 1) Sb-Na-K, 2) Sb-Cs, 3) Bi-Ag-Cs, 2. Photomultiplier with 75-mm 
4) Sb-Na-K-Cs. Diameter Cathode 


50 


During the past year large-scale 


60 production of FEU-24 was begun. The 
general design datal on this tube 
Mg were given at the Seventh Conference. 
20 Fig.4 shows the distribution of rela- 
P tive half-widths (resolution) for 250 
89 samples of FEU-24, from measurements 
0 at 3 points of the cathodes, using a 
2 x9 30 mm diameter Nal(Tl) crystal. The 


measurements were made with the best 
relative voltages on the first four 
stages determined individually for 
each tube. The noise level distribu- 
$$ 7EpisekK®Y tion is shown in Fig. 4b. 
Fig.4. Performance of 250 samples of Tests were run to determine a 
FEU-24 tubes: a) distribution of pulse standard voltage supply. The table 
heights from Cs!37 (measured with 30 mm gives the optimum "Standard" voltage 
diameter NaI(T1) crystal at center of division between stages in relative 
cathode); b) noise. units. Tests showed that the pulse- 
height resolution of some of the 
Optimum "standard" stage voltages for FEU-24 photomultipliers with the stand- 
ard potential distribution was 


8 9 10 R% f 


Cathode-ring 0.2 reduced by a few percent compared 
Ring-annulus | 2.8 with the optimum with individually 
Annulus-Ej 1.9 selected voltage distributions. 
-Ej] - Ep 2.5 The most critical voltage is that 
E2 - E3 thru on the first section, because of 
Ejo - FE, (per stage) ae) some scatter in the geometry and 
E11 - E12 2.0 changes in fabricating conditions. 
E12 - E43 2.0 We tested the feasibility of us- 


ing toroidal dynodes of Al-Mg 
alloy in tubes of this type. Ten samples prepared with such dynodes showed spec- 
trometric resolution identical with that of the standard FEU-24, but it was found 
that for these tubes the cathode-ring voltage difference is not critical. Fig.s 
compares data on the stability of the toroidal dynode photomultiplier and the 


~y tM, > 
Lee soak. 


dt 


a 
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conventional FEU-24. The results 
fs oh eal as obtained with the special samples 
were encouraging and the design 
studies are being continued. 


3. New photomultiplier types 
_S SSS SS Se Eee eee 


Small tube 


A new small spectrometric 
photomultiplier has the following 


e 1 2 3 Z specifications: cathode diameter - 
t,hr. 25 mm, maximum base diameter - 
Fig.5. Variation with time of FEU-24 photo- 34.5 mm, length - 110 mm. All elec- 
peak: solid lines - conventional design; trodes are brought out through the 
dashed lines - with toroidal dynodes. base, which facilitates shielding 


the tube in operation. 

This photomultiplier was designed for use with a high-resistance divider; 
the resistance of the insulation between its electrodes is at least 109 ohn. 
The spectrometric resolution was tested with two qualitatively different NaI(T1) 
crystals of 20 mm diameter (Rj) and 14-mm diameter (Ry). Results obtained for a 
batch of the new tube are given in the table. To allow comparison of the crys- 
tal quality, we also give the results of measurements with these crystals on an 
FEU-29 tube which with a 30-mm diameter crystal gave a resolution R = 8%. 


It will be seen that the resolution of these small photomultipliers is of 
the same order as that of the FEU-29. 


Miniature tube 


The main specifications of FEU-3l1 have been given elsewhere?. The spectro- 
metric resolution of ten samples of FEU-31 with a 14-mm diameter crystal was 8.5- 
11%, obtained with an individual voltage distribution selected for each tube. 


Photomultiplier with 300-mm diameter cathode 


A tube with large cathode diameter has been developed for work with liquid 
and plastic scintillators. Its principal features are a cesium-antimony cathode 
with a sensitivity of at least 20 pamp/lumen. The photomultiplier sensitivity 
with 2400 v overall voltage is at least 10 amp/lumen. Toroidal dynodes of AMGK 
(Al-Mg) alloy are used in this tube. 


Tube with a Bi-Ag-Cs cathode 


Bismuth-silver-cesium type cathodes are advantageous for work with scintil- 
lators which emit in the red portion of the spectrum and also at low temperatures. 
A small photomultiplier incorporating this cathode has been developed at the 
plant and is being put into production. The specifications have been given 
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elsewhere?. These photomultipliers provide good amplification; their average 
sensitivity at an overall voltage V = 1000 v is 1 amp/lumen; at 1350 v it is 
10 amp/lumen and at 1800 yv it is 100 amp/lumen. 

The pulse-height resolution of 10 samples tested with a Cs137 source and 
a 20 mm diameter NaI(T1) crystal varied between 12 and 14%. 
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A-NUCLEON FORCES AND THE A PARTICLE BINDING ENERGY IN HYPERNUCLEI 
- V.I.Filimonov 


Let us assume that the interaction of baryons with the x and K meson fields 
is of the form 
3 . 
H=Gi >» \ NaN; + Ayshiti + Siystiys Asi) dt + 


i=] 
AVES 
: a ee ba a 
+G i \ [> (NaA*y,di) + NA*Y;A + AK v=] dt + Hermitian conjugate }. (1) 
i=] ’ 


as proposed by d'Espagnat and Prentkil, and let us use this expression to calcu- 
late the A-nucleon forces. 

Performing the Nelson-Dyson transformation for the case of baryons at rest 
at points and maintaining only terms linear in the coupling constant in the 
transformed Hamiltonian, we obtain 


i e : > T)y A rg col . ikx 
H=G HD DD vb nk) 1a" V gre (ain tai, ale + 


9 
21 n=] k i=] 


/ t i . ~~ WK) % za * ; 

HG apm Dy 2 Dy 2 (k) (snk) Ti "a" Vy (cx + dix) e™""-+ Hermitian conjugate | (2) 
“ n=1 k i=l 2 

where “i, Ci, b; and Qiy Cs b? are annihilation and creation operators for 7 , Kj 

and A; mesons, respectively, a is a diagonal matrix whose elements are the in- 


verses of the baryon masses, 


o* = V pn th? and ok = Vy we + AP. (3) 


In the Hamiltonian of (2) we have introduced the virtual meson momentum cutoff 
function »(k), Further, V is the number of baryons in our system, and 7({*) and 
T® are eight-dimensional matrices which describe the transformation of baryons 
into each other with emission and absorption of pions and K mesons according to 
the interaction given in (1). 

The Hamiltonian of (2) can be used to calculate those forces between the 
particle and nucleon which are caused by the exchange of two pions (V"), one K 
meson (/!*), a pion and a K meson (/“*) and two K mesons (vx), We calculate the 
A-nucleon forces in the same way as Gartenhaus? calculates nucleon-nucleon forces. 
We then obtain the following expressions for the interaction potentials: 


y= = —G 3 ( f (kiko)? : o [kike] o2 [kike] | 
16 (27)* M2 M2 \ aa ee (at + of") wi”) ia 
108 (hy) 2 (a) ele 4-89 (dy) (dk); 4) 
yk G2 4 % 4 > a an v? (k) ee 
a 4(2n MM, (Ayko -F hoy) \ (34k) (2, ) TK etk(%1—x2) (dk); (5) 
“Kn Ce es ae, { 
=S — —— —— (Aho hoh J(k,k.)? [ -anier bar ee ibe | 
16 (2n)° Mam? ake + hah) \ \ Ke) oo(K)3 (502 * lia le 4 
6; [ike] 2 hake) [a5 ea am + se |} 
+ il 1 2] 2[ 1 2] a {73 (of) + wi") wo) v of Xs (ol) oe wf”) ws!) | 


4 ye (ky) ye (ky) et (Kit+k2)(Xi— x2) (dk,) (dks); - (6) 


ny 


cy sh 


. a 
- , ‘ i fee vo 
’ 5 ; i. as ney 


SPY BA 


eo ee 
yen Gs \ J (Kky)? 4. 01 [kik] 3 [ki ke| 
4 (27)® M2 M? col )8ey( 8 aka (oO 4 wf) ol) 
% elk Had0x—X2) y? (Ae,) 2? (hy) (ky) (dk) (7) 
: oo Seiki ad 


The matrices ), and \* transform a A particle into a nucleon, and vice versa. We 


treat the A particle and nucleon formally as different states of a baryon, de- 
scribing them by one-row matrices of the type 


1 0 

— ; om c (9) 
N=| 9 | A 4 

In order to calculate the binding energy of a A particle in a hypernucleus, 

we shall find the potential energy of interaction between a nucleon of the core 

nucleus and a A particle in the triplet state (energy Et) and the singlet state 


(energy E,). To do this we write down the wave functions of the two particles 
in the triplet and singlet states, namely, 


be = b(rire) (A (1) N (2) — A(2) N (1)) 555 (10) 


bs= P(rir2) [A (1) N (2) — A (2) N (11 Sa; eee 


where p (Ty7'2) is a symmetric function of the space coordinates and 5S. and S, are 
a symmetric and an antisymmetric spin function. The wave functions of (10) and 
(11) are eigenfunctions of the operators of (5) and (6) belonging to the eigen- 
values +1 for the singlet state and -1 for the triplet state. Therefore the 
spin-independent part of the forces described by (6) will give equal but opposite 
contributions to the potential energies of the singlet and triplet states. This 
is what causes the potential energy due to the Kx-forces to be approximately 
equal to zero in the ,He* nucleus when its spin is zero. 

In performing numerical calculations of! the binding energy in light hyper- 
nuclei, we chose $(7,7,) as the product of the nucleon wave function in the core 
nucleus and the A wave function in the hypernucleus; i.e., 


5 9 
ey 5m 


P(7y72) = Ae * Aye 4, (12) 
where A and A, are normalizing factors, o,=!X:|/¥nz, and n is a parameter of varia- 
tion. The value of Y in (12) was chosen so that the nucleon density in the core 
nucleus be in agreement with experiments on nuclear Coulomb energies, electron 
and neutron scattering, etc. Averaging Eqs. (4)-(7) with the aid of (10) and (11), 
summing over spins, and integrating over the coordinates %1 and xX, and over the 


; G? 
angles between k, and k,, we obtain the expressions (wherein we write g* = =) 


eee pee FE FE (4); (13) 


167? “5 
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*m ms y2vixt 


o 
pik 1K j Sow I { zyx oe ¢ 
EY = g*mv3f* mc? = \ — ie d@ = 1K g2myim,c? | tte) daze fi* —-— | Mev (14) 
0 . 0 


for the potential energies of the two particles, where 


ial me 1 -+- 7? 
‘ 54 415 > aAks 1 42 
Vaz —— = 3.04, m es Page 0.0186, aa 7, 


Tt 


mx is the K meson mass, and /“ is 1/6 for the triplet state and 1/2 for the 
Singlet. In obtaining the last term of (14), we assumed that b= 12. Further, 
we obtain 

Kr 3m? mM, : Kot ose ayK rt - 

EM" = — gt = = ar (ya) + [FS (ad): (15) 

| 

where the positive sign is taken for the singlet state and the negative sige for 
the triplet. Finally, 


2K ae m 
Hk — gt & 


SE (4) + PE Fal) (16) 


where /”, /“* and /** are constants of the order of unity and take on different 
values for the singlet and triplet states. 
The functions appearing in these expressions are the following: 


*m *m 
© ‘ dx 

| al POR oe \ #129 (B12 a¥1) de Ee 

1 (y1) \ : (x? + 1)'* (x5 + 1) (17) 
Fk a { ie Tio (Zi T271) A a Bik nl 18) (21%2¥1) | dz dz; 
1 ()= 4 2 \le@+yre@th | @+yatye | Sek 
*m *m 

FAK (y.) xe \ \ eto (Tite) dry dee 

1 (1) ; (x3 + v2) (3 + v*) 2 (19) 
—vi(x—%2)* 1 —yF(xi+o2)" 2.2 4 2 1! e 

@(X1"271) = e (xpz2ys — Tybyy2+ +) — (ajay +y%%1 + z)i (20) 


where r= es and k,, is the cutoff momentum. The /, functions are 
smaller by a factor of about twenty than the /, functions and therefore may be 
ignored. We can also ignore the last term in (20). Then it is seen from (13) 
and (16) that the potential energy of the 2n and 2K forces is the same in the 
triplet and singlet states. 

Since y=1, it is seen from (14)that £1* gives only a small contribution 
to the potential energy of hypernuclei (of the order of 0.5 Mev, which is about 
0.1 of the total potential energy). The potential 4" differs significantly for 
different states. It is negative in the singlet and positive in the triplet 
state, though its absolute value is about the same for both. We may conclude 
from this that the singlet is the preferred state for a A-nucleon pair, so that 
in light hypernuclei the lowest energy belongs to states with the greatest num- 
ber of singlet pairs. In other words, the ground state of a light hypernucleus 
is that with the lowest spin. In this case the potential energy of the A parti- 
cle in the hypernucleus will be 


fs 


ey 


Se ee el eS o 
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Ey = 5 Est aR for aH ; 


3 3 é 

E»= +3 Es+ > Et for ,H*, ,He*; 

E> = Fs+ 3Ey for aHe'. 
The kinetic energy is 

3 m. 
E, => ——m,c? 
K M, 2 

(where M, is the reduced mass of the particle and the core nucleus). 


It is a simple matter to integrate (17)-(19) numerically and find the n- 
dependence of the energy, thus finding its minimum value, the A particle binding 
energy B,=—Eni,. The results of such calculations are presented in the table. 


Comparison of theoretical and experimental 9 values of B, 


Hyper- in BA th BA exp, 
wielecs i . is Mev SDs “is a 
Au 1/2 1,0 0,80 0,48 | 0,2540,34 
al’, aHet 0 TOL 0,87 150 1,44+0, 20 
1,70-0,24 
He’ 1/2 0,9 0,92 2,30 2,56-+0,17 


For the purposes of calculation we took g? = 12.3 and %m = 6. The table 
indicates satisfactory agreement with experiment, although g* must be chosen 
smaller than the value given by data on nucleon-nucleon forces. 


Chair of Statistical Physics and Mechanics, 
Physics Faculty, Moscow State University 
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FREE-ELECTRON MODEL CALCULATIONS OF THE ELECTRIC AND MAGNETIC PROPERTIES 
OF COMPLEX MOLECULES 
- M.N.Adamov, M.G.Veselov & T.K,Rebane 


In the simplest version of the free-electron (FE) model one assumes that the 
m-electrons are free to move along the lines forming the structural network of 
the chemical bonds. This concept has been used by many authors in calculating 
the polarizability and diamagnetic susceptibility of n-electrons. Several au- 
thors!-3 made further simplifying assumptions, which, naturally, affected the fi- 
nal results. We succeeded in carrying out precise calculations of the above pro- 
perties within the framework of the FE model (i.e., without any further assump- 
tions). 

1. The polarizability « of atoms and molecules is usually calculated by per- 
turbation theory. The calculations amount: essentially to finding the correction 
to the first approximation for the wave function. The solution of this problem 
leads to the well known infinite-series dispersion formula for «, namely, 


, ©nn|Zen [2 
3 High aioe reopen (1) 
We have obtained a finite expression for the correction to the first-approx- 
imation wave function, and therefore also the polarizability, in the FE model.* 
For a single electron in a one-dimensional potential box of length L we obtain 


4E, 
Xn, (w) hak Pn 


(—1)" — cos p,L (— 1)" —cosg,L 1 (2) ** 
sin p,,L In sin g,L 


where 


P,=V2(E,—%, 9, =V2(E, +e, £ =e n=1, 2... 
Accordingly, the static polarizability is 
tn (0) = 4X (15 — x°n?) (3) 
which is negative for all one-electron excited states. 
We used (2) and (3) to calculate the x-electron longitudinal polarizability 
Of Hon42C2an polyenes, approximating these Py a plane broken line. The results 
are given in Table 1 together with Bolton's~ less accurate ones. 
We have solved the electron-polarizability 
Table 1 problem exactly also for a ring (circle) and 
for a regular hexagon which are usually taken 


et « (0), as models for the benzene molecule. For six 
- 2 ah (Bolton ) electrons in a ring of radius R, we obtain 
te 66 | 54 — _ _ 12h 4 
3 296 204 300 LO er perry (4) 
4 540 513 664 
Dl deeer 1032 1228 which, setting R = 3a/nx (where a is the length 


of the C—C bond), gives «(w,) = 56.3 and «(0)= 
= 50.7. For the hexagon we get «(0) = 47. Com- 
*In the static case one could avoid using perturbation theory, since the ex- 
act wave functions in this case can be expressed in terms of known Airey functions 
*kEq. (2) can be obtained directly from (1) with the aid of Watson's formula 


>/ (4) =— n>) Res [/ (2;) etg xz], 
k zr 


where z, are the poles of f (2). 


c 
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paring this with the experimental value « = 55 for the benzene molecule, we see 
that too small a fraction of the polarizability has been left for the S-bond. In 
other words, the calculation gives too high a value for the mobility of the x- 
-electrons. 

Adding up the polarizabilities of the 2n electrons in the ground state ac- 
cording to (1), we arrive at 

ee xX. 
a=45) PAE. ) 
i=1 k=n+1 

Keeping only one term, corresponding to minimum excitation, in this sum, we ob- 
tain the approximate expression 


(6) 


a formula which gives almost the same results in the FE model as does the exact 
one. 

2. For the branched one-dimensional free-electron model, we have developed 
a simple mathematical procedure which can be used to obtain exact expressions 
for the z-electron wave function and energy spectrum in a magnetic field. On 
each individual conjugated bond, the x-electron wave function satisfies the 
equation 


ete alee V | b= Ed, (7) 


where A, is the projection of the vector potential onto the bond under considera- 
tion. In the case of a homogeneous magnetic field, it can be shown that the gen- 
eral solution of (7) is 


p = exp (— Se A,s) Po» (8) 


where )} is a general solution of (7) in the absence of the magnetic field. 
Let us now make use of the continuity of the one-dimensional wave function 
at the nodes of the conjugated bond network, namely, 


b= "hy abhe= oy (9) 


and the subsidiary conditions on the derivatives of the wave functions in the 
neighborhood of the node. Because the energy operator must be self-adjoint, 
these conditions can be stated in the form 


N 2 
S (e+ 549) = Ko, K=K. (10) 
l=1 

If the one-dimensional potential on the conjugated bond network vanishes 
everywhere, the problem reduces to 


Wh= 0, (11) 
i.e., to finding the eigenvectors of the Hermitian matrix whose elements are 
Wim = — N8imcos \\ 2a + (1 — Sim) Num exp ({HSim) : (12) 
The components of the j-th eigenvector of W are the values of the j-th one- 


dimensional wave function at the individual C atoms in the conjugated system. In 
(12), Ni is the number of C atoms neighboring on the C; atom, ais the mean lengtl 
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of the conjugated C—C bond, 7, is 1 if C, and C,, are linked and zero otherwise, 
Sim is the area of the triangle whose vertices are at (CC), C, and the origin, and 
H is the magnetic field strength. The x-electron energy spectrum in the magnetic 
field and the electron diamagnetic susceptibility are found from the secular equa- 
tion 


det W = 0. (13) 


We used this method to calculate the diamagnetic susceptibility of the x-el- 
ectrons for several aromatic molecules. The results are given in Table 2 (column 
a), together with the results of molecular-orbit calculations with linear combin- 
ations of atomic orbits, both neglecting (column b) and including (column c) in- 
tegrals which account for lack of orthogonality. The values are given in units 
of the diamagnetic susceptibility of benzene in a perpendicular magnetic field. 


Table 2 
Theor 

Molecules a b c | Experiment 
Naphthalene 2.011 22185 2.06-2.11 
Azulene 2.142 2.256 2.38 
Pentalene -2.840 -2.778 - 
Heptalene -9,495 -8.340 - 
Anthracene anOT7 3.448 3.08-3. 38 
Styrene 0.870 0.919 0.73-1.00 
Phenylbutadiene 0.848 0.903 - 
Fulvene O,132 0.076 - 
Heptafulvene 0.009 0.157 = 
Diphenyl 1 Oy oF We J 1.868 1.74-2.00 
Stilbene 1.686 1.794 1.61-1.65 
Diphenylbutadiene 1.670 1.760 1.41-1.89 
Difulvene -1.250 -2.092 - 


The table shows that our method is sensitive enough to reflect the details 
of the structure of the system of conjugated bonds (the number of aromatic rings 
and the length of the chains) and is no less accurate than the molecular-orbit 
method. 

Another representation of the r-electron diamagnetic susceptibility is also 


useful. For alternate hydrocarbons this representation is 
1 


. iF 
= war \Z R[i(e—)]. (14) 
0 
where R is a rational fraction of its argument, the numerator and denominator of 
this fraction being polynomials of the same parity. This formula was used to 
calculate the limit of the n-electron diamagnetic susceptibility of aromatic mo- 
lecules of the styrene, diphenyl, and triphenyl methyl type as the length of the 
chains tends to infinity. The limiting values for molecules of these types are 
0.8109, 1.6218 and 2.4327, respectively. 

Our method for calculating the diamagnetic susceptibility can be extended to 
the case of a variable one-dimensional potential V(s), thus making it possible to 
include periodic fields within the molecule, as well as aperiodic ones (hetero- 
cyclin atoms, incomplete equalization of double bonds, etc.). 

3. We used the matrix formulation of the problem to study the relation of 
the FE method to the molecular-orbit method. We showed that the overall corres- 
pondence found previously for the electron spectra and x-electron wave functions 
in these two methods holds also with a magnetic field. From this one can also 
obtain the following approximate equation relating the electron's effective mass 
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in the FE model to the geometric characteristics of the conjugated system and the 
resonance integral B of the molecular-orbit method; 
ei 4 ch? 

The values of c obtained in various different ways lie between 1.23 and 1.57 
and m*=m. 

From the correspondence of the energy spectra and with the aid of the semi- 
empirical results of Pariser & Parr and Pople’, it can be shown that the depth of 
the potential box at the position of the j-th atom is given in the FE model by 


Vj= + 12—g) te ael— NB. (16) 


Here we use the following notation: q; is the electron charge of the j-th at- 
om, /; is its ionization potential, ¢; is its electron affinity and J; is the num- 
ber of its nearest neighbors. This expression can be used to derive Veselov and 
Rekasheva's semiempirical rule° relating the shape of the bottom of the potential 
box in the case of conjugated molecules containing heterocyclic atoms with the 
electron affinities and ionization potentials of the individual atoms. 


"A.A. Zhdanov" Leningrad State University 
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CALCULATION OF THE ABSORPTION SPECTRA OF UNSATURATED HYDROCARBON 
MOLECULES ON THE BASIS OF THE METALLIC MODEL 


- L.Z.Borovinskii 


This paper is devoted to two problems, namely, calculation of the absorption 
spectrum of benzene according to the metallic model, taking account of the perio- 
dic potential and the interaction between n-electrons, and examination of the 
joining conditions for the wave functions used in performing calculations for mo- 
lecules with branched C—C bond chains. 

1. As our model of the benzene molecule we shall choose a circle of radius 
R = 6a/2x (where a is the length of the C—C bond; see Fig.1). We write the po- 
tential energy of a n-electron on the circle in the form 


V = V, cos 69. 


For large distances the electron pair interaction 
operator may be written 


e2 


Ui, = —_.. 
[ti —T; | 
Fig.1. A model for the 
benzene molecule. The This formula cannot be used for small distances in 
circles indicate the a one-dimensional model. To remove these divergences 
positions of carbon nu- one must take account of thefinite width of the potent- 
clei. ial box. We introduce the parameter r,,; physically, we 


can think of this as the mean distance of the electron 

from the line passing through the carbon nuclei. We now write the electron pair 
interaction operator in the form 

e 

Ux =... 

Vina Pere le 


For the above circular model of benzene, this becomes 


U “0 (1a) 
ik =a_—-l tO —_ 
%—? 
2R V sin? 5— + 2 


where u = /%/2R. 
The Hamiltonian of the system consisting of the six n-electrons of benzene 


is 
i : d2 : es : 1 
H = — — <a + VoD cos 69, + sp Dy ear, (2) 
ima P% i=1 6>i>k k=1 i ied Re 
sin 5 +u 


In order to find the benzene spectrum one must calculate the eigenvalues of 
this Hamiltonian. We shall assume the wave function of the six n-electrons to 
be a function of only 9». It must satisfy definite symmetry conditions! with res- 
pect to interchange of the 9;. These symmetry conditions are not the same for all 
values of the resultant spin, so that the energy of the levels depends on the 
spin. We shall proceed by forming a set of functions satisfying the symmetry 
conditions and expanding the eigenfunctions of (2) in series of these functions. 
This may be done in the following way. We consider an orthonormal set of one- 
-electron functions with the required periodicity properties; the most conveni- 
ent functions of this type are 


$s e% 2 
Y= pee (e=-U, 1, —1...), 
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A choice of six >, functions is a configuration. According to the Pauli 
principle no function may enter a configuration more than twice. Abarenkov has 
shown? that a set of functions satisfying the symmetry requirements can be con- 
structed of six such >} functions. In general to each configuration there cor- 
respond several linearly independent functions, their number being determined by 
the spin of the system and the number of unpaired electrons. Functions belonging 
to different configurations are automatically orthogonal, and those belonging to 
the same configuration can be orthogonalized by a suitable linear transformation. 
The energy levels are found from the secular equation 


| Hix — ix | = 0, (3) 


where H;, are the matrix elements of H between the states whose functions are j 
and y,. There will be interactions only between configurations having the same 
multiplicity and pertaining to the same irreducible representation of the group 
D5, Therefore H;, is a quasidiagonal matrix, and Eq.(3) breaks up into equations 
corresponding to definite symmetries and spin values of the x-electron system. 

In calculating the matrix elements of (3), the terms involving the kinetic and 
potential energies of the electrons are obtained by elementary processes. Terms 
corresponding to the electron interaction are given by integrals of the form 


TT 
cos 28m 

vi aS “B, 
and for specific values of the empirical parameter w these are obtained by numer- 
ical integration. From the practical point of view, we are interested only in 
the lowest roots of the secular equation for each type of symmetry. The number 
of configurations of each type of symmetry, making a significant contribution due 
to electron interaction, is about 13-15. In addition there is a set of configura- 
tions which should be taken into account in connection with the periodicity of the 
potential. Without going into details of the calculation,3 we give the final re- 
sults in the accompanying table. The transition energies are given in arbitrary 
units equal to 


h2 j 
Eo= Omi =2,.17 ev - Level Energy, ev 
symmetry Calculated Meastieed 
The values of the empirical parameters _ | a eee 
are 
. "Aig (0) (0) Tit 
Vo= 5.5 arb.units, andu= 0.18. 1Bs, 3,17 2226 Ae he aol 
Big 3,67 2,76 2,75 [4] 
In order to illustrate the role of the IE}, 5,88 4,86 | 3,12 [4] 
high-energy configurations, we list in the SBis 1,63 1,32) | 4,75 (6) 
second column the results of a calculation SBoy 2,56 2,25 | 2,051 [4] 
in which the position of the configurations °Eiy 2,15 2,38 | 2,22 [7] 


was taken into account only when two of them 
have the same energy, and this energy is the minimum for configurations of the 
given symmetry. The third column gives the energy levels obtained in the calcu- 
lation which includes the high-energy configurations. When the x-electron inter- 
action is not taken into account, calculations yield the same frequency (energy) 
value for all six transitions. As may be seen from the fourth column, the re- 
sults are in satisfactory agreement with experiment for all but the 14,,>1Fi, 
transition. It will also be evident that when the contribution from the high- 
-energy configurations are included, the agreement is improved. 

2. In making calculations for molecules with branched C—C bonds, one must 
establish the joining conditions for the wave functions and their derivatives at 
the branching point. These conditions are usually written in the form 
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b (typ) = Y(Zep)= (Ls), (4a) 


dx, day dx 


E (x1) , dp(ae) , ay G)) = KU (ap), (4b) 


where (ip), $(%2p) and )(arsp) are the values of the wave functions at the branch- 
ing point. 

Calculations carried out for the energy levels of a number of molecules and 
free radicals show that (4) leads to some paradoxical conclusions. For instance, 
the energy of the x-electron system in our model of biphenyl (two linked rings) 
is found to be greater than that of the x-electron energy in two non-coupled 
rings. This would mean that linking two benzene rings increases the zx-electron 
energy! This and other paradoxes,® led us to undertake a more critical examina- 
tion of the conditions implied by Eq. (4). 

The one-dimensional model rests on the possibility of separating out of the 
wave function a factor which gives the motion of the r-electrons along the C—C 
bonds. As our one-dimensional function we may choose the wave function evaluated 
along the axis of the potential box. This one-dimensional function satisfies the 
equation 

a? dy 
only dar renin (5) 


It is impossible to separate variables in the neighborhood of the branching 
point, so that the one-dimensional function does not satisfy (5); hence there is 
no reason to believe that the solutions of (5), when extrapolated to the branch- 
ing point, will all be equal. For this reason we believe (4) to be erroneous. 

With a view to determining the joining condi- 
tions, let us consider a two-dimensional model 
in the neighborhood of a branching point (Fig.2). 

The solutions of the two-dimensional Schroe- 
dinger equation at a branching point can be writ- 
ten as the product of two sine functions, one de- 
pending on the longitudinal and the other on the 
transverse coordinates. We shall attempt to find 
a numerical solution in the vicinity of the 
branching point by the net method. The require- 
ment that the wave function and its derivative be 
continuous in the longitudinal coordinate can be 
used to establish the relations between the values 

ne of the wave function and its derivative at the 

boundaries of the branching region. These rela- 
tions are of the form 


d 4 
i ea, Peter eel Vea t Vic _pl}- > 48) 


& 


Fig.2 


(Two other such relations are obtained from (6) by cyclic permutation of the 
indices.) 

In (6) b is the width of the potential box, and p= 1.84 andgq = 0.91 are nu- 
merical coefficients. 

The values of 2,, 2%, and zx, are calculated along the branches with the origin 
at the intersection point P. The value of 4 is obtained empirically. 

In our future work we plan to use (6) to calculate the absorption spectra and 
electron density distributions of polycyclic hydrocarbon molecules. 
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THEORY OF VIBRATIONAL SPECTRA OF UNSATURATED COMPOUNDS 
- L.M.Sverdlov, M.G.Borisov, Iu.V.Klochkovskii, 
E.P.,Krainov, V.S.Kukina & N.V.Tarasova 


1. By now there has been accumulated a wealth of experimental data on the 
vibrational spectra of unsaturated compounds. It may be of interest therefore 
to carry out a theoretical generalization of the available experimental material 
in two directions: first, to establish theoretically the characteristic frequen- 
cies peculiar to different structural groups, including double bonds, which is of 
practical importance (in particular, it is desirable to see how the frequencies 
associated with the C==C group depend on the position of the double bond in the 
chain, the degree of branching of the chain and on the number and position of 
double bonds, and to clarify the influence of inclusion of a double bond in the 
ring) , and, second, to examine the question of the intereffect of the different 
structural elements entering into the composition of unsaturated compounds, 
which is important from the standpoint of the theory of chemical structure (par- 
ticularly, the influence of alkyl- and halogen-substitution on the force field of 
ethylene, cumulation of double bonds, etc.). 

Accordingly, we carried out theoretical calculations of the frequencies of 
the normal vibrations and potential energy constant (by the methods of the theory 
of small vibrations of polyatomic molecules in the form developed by Vol 'kenshtein 
El'iashevich & Stepanovl and Maiants?) for ethylene and the simplest representa- 
tives of the olefins, diolefins, cycloolefins, allenes and halogen derivatives of 
ethylenes. In all we carried out calculations for 39 molecules; ethylene & its 
deuterium derivatives, propylene and deuteropropylene, butene-1,3-methyl-butene-l, 
isobutylene, cis-and trans-butene-2, trimethylethylene, tetramethylethylene, 1,4- 
-pentadene, cyclopentene, allene & tetradeuteroallene, 1,1-dimethylallene, mono- 
bromoethylene & seven of its deuterium derivatives, cis- & trans-dichloroethylene 
& their deuterium derivatives and 1,1-difluorethylene and its deuterium derivative 
In addition, we considered the electrooptics of the vibrations of ethylene and te- 
tradeuteroethylene. 

Part of our results have been published earlier3; some of the more recent re- 
sults are given below. The secular equations were solved by the method of succes- 
sive diagonalization and with the aid of an electronic computer (cyclopentene - 
symmetry type A, and Bj; deuterobromoethylene - symmetry type A}).* 

*We take this opportunity to express our gratitude to M.M.Sushchinskii and 
R. I. Poklovchenko, members of the staff of the Physical Institute of the USSR Aca- 
demy of Sciences, for solution of these equations on the computer. 
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2. The following is a summary of our principal results. 

A. Replacement of hydrogen atoms in ethylene with alkyl groups has virtu- 
ally no effect on the force field of the remaining ethylene group (or on that of 
the alkyl radical). As for the influence of alkyl substitution on the spectrun, 
here the basic factor is the geometric arrangement of the alkyl groups relative 
to the double bond: 


R ere a a: al Lal 33 H 
dae Ga Cac C.==,C C=C 
H is RO ae Hn ae it ae 
R R 
ee Shi 
v4 s 4 »s 
R pe R 


Each of these six classes of olefins is characterized by its own particular 
set of characteristic frequencies. This deduction is substantiated by the experi- 
mental data on the spectra of over 90 olefins. Further substantiation is fur- 
nished by the results of calculations carried out for more complex representatives 
of the above mentioned homologous series, particularly, for butene-l. Utilizing 
the results of calculation for butene-l and the data of Stepanov on the calcula- 
ted spectra of normal paraffins, we were able to interpret and elucidate the sal- 
ient features in the spectra of all molecules of the RCH=CH»g series up to unde- 
cene-1l. 

We considered the influence of branching on the spectrum: if there is branch- 
ing in the chain at a distance from the double bond, the characteristic features 
of the vibrations of atoms associated with the double bond are not altered; on the 
other hand, if the branching occurs at a carbon atom contiguous to a double bond 
(for example, 3-methylbutene-1), a number of characteristic vibrations are affect- 
ed. 

B. Calculations carried out for compound containing several double bonds 
showed that in the case of presence in the molecule of two double bonds separated 
by at least two single bonds (for example, 1,4-pentadene) , one can safely use the 
force constants of butene-1l for calculating the vibrational spectra. It follows 
therefore that in this case the double bonds have virtually no effect on each 
other. Most frequencies characteristic for monoalkyl-substituted derivatives of 
ethylene are also characteristic for diolefins. In particular, we were able to 
interpret fully the vibrational spectrum of diallyl. 

In contrast, in the case of cumulation of double bonds there occurs a certain 
change in the force field of the ethylene group. Evaluations for 1,1-dimethylal- 
lene showed that for calculation of the vibrational spectra of alkyl-derivatives of 
allene one can use the force constants established for allene and paraffins. We 
determined the characteristic frequencies of dialkyl-derivatives of allene. 

C. On the basis of calculation of the vibration frequencies of cyclopentene 
we were able for the first time to interpret fully the Raman spectrum of this mole- 
cule. From the results of the calculations we conclude, first, that in calcula- 
tions for cycloolefins one can use the force constants of acyclic olefins as a 
good zeroth approximation and, second, that the heavy carbon ring of cyclopentene 
is not plane but somewhat bent (the deformation, however, is relatively small). 
Calculation of the spectrum of cyclopentene enabled us to establish the character- 
istic frequencies of alkyl-derivatives of cyclopentene of the following types: 


if my 
ey tats ang ont 
Ras 
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D. We carried out theoretical calculations of the frequencies and force con-— 
stants of some bromine, chlorine and fluorine derivatives of ethylene for which 
there were available adequate data on the spectra of the deuterosubstituted mole- 
cules so that the force constants could be calculated with a high degree of accu- 
racy. Good agreement of the calculated frequencies with the observed values con- 
firms the reliability of the entire system of deduced constants. Replacement of 
hydrogen atoms in ethylene with halogen atoms does not lead to any substantial 
change in the force field of the remaining ethylene group (the strength of the 
C—H bond is increased by 2-3%) or in the strength of the carbon-halogen bonds. 

In view of this, it may be concluded that the force constants obtained by calcu- 
lation can be used as a good zeroth approximation in calculating the vibrational 
spectra of other Br, Cl and F derivatives of ethylene. The strongest effect is 

produced by attachment of fluorine atoms to a double bond; this leads to an in- 

crease of about 10% in the strength of the double bond. 

There is very little difference between the force fields of cis- and trans- 
-dichloroethylene. The difference between their spectra is due primarily to the 
different symmetry of the molecules. 

The strength of C—Br, C—Cl and C—F bonds in the halogen derivatives of 
unsaturated compounds is somewhat greater than in the corresponding saturated hy- 
drocarbons. 

E. Using the procedure of Vol'kenshtein et all, we calculated the intensi- 
ties and polarizations in the Raman and infrared absorption spectra of ethylene 
and tetradeuteroethylene. We derived general formulas for the derivatives aP, ag; 
of the dipole moment with respect to the normal coordinates, the trace bF and ani- 
sotropy g, of the derivative of the polarizability tensor (valence-optical system 
in the zeroth approximation). On the basis of recently published experimental da- 
ta* on the absolute integral intensities of the infrared bands of ethylene and 
CoD4, we determined the numberical values of the dipole moment ucy and the deriva- 
tive of the dipole moment (yds) with respect to the natural coordinate g (change in 
the length of the C—H bond). The calculations showed the inapplicability of the 
valence-optical scheme in the zeroth approximation inasmuch as for the vibrations 
of different types of symmetry B,,, B., and B,,,there are obtained different values 
of Ucy and udy, which is devoid of physical meaning. In view of this, for the 
first time, we carried out a calculation of aP;/aQ, in the first approximation of 
the valence-optical scheme; it was found that in this case there are obtained i- 
dentical values of uUoy and Udy for the vibrations of all types of symmetry, as, 
in fact, should be the case. 

Thus our computations showed that for calculating the intensities in infrared 
spectra, the valence-optical scheme is applicable only in the first approximation. 


Saratov Highway Institute & 
All-Union Highway Correspondence Institute 
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CONTRIBUTION TO THE QUANTUM MECHANICAL THEORY OF RAMAN LINE INTENSITIES 
- I. I. Sobelman 


The basic equation for the molecular wave function commonly employed! »2 in 
the theory of molecular spectra is the following; 


9 (r, Q) 3 Yn (r, Q) Us (Q). (1) 


Here r indicates the coordinates of the electrons, Qindicates the normal co- 
ordinates of the nuclei and n and v are indices identifying the electron and vi- 
brational states, respectively. In this treatment the zeroth approximation in- 
volves a nonequilibrium nuclear configuration, so that the electron function 
YW’, (1,2) contains the nuclear coordinates as parameters. 

Actually, it is feasible to simplify the zeroth approximation wave functions 
to a great extent. When dealing with scattering, it is the electrons alone which 
determine the interaction with photons, since the interaction of the nuclei with 
the radiation is negligible. The energy of the radiation field is transferred to 
the nuclei through the electrons, by means of the nucleus-electron Coulomb inter- 
action. Let us therefore start from the equilibrium configuration of the nuclei, 
treating the interaction of the electrons with the nuclear displacements as per- 
turbations.* 

Let V(r, R)=V,(r) correspond to the equilibrium configuration R of the nu- 
clei. Under a small displacement oR of the nuclei, there appears a small incre- 
ment W(r, oR) in the potential, and this can be interpreted as interaction of 
the electrons with the nuclear displacements. If this displacement occurs as a 
result of molecular vibrations, the interaction energy should be taken as 


w(r) = \ U2) W (r, 8R) UX’ (Q) da. (2) 


rather than simply W (r, 6R). 

Let us consider Raman scattering of a molecule. In the process a photon of 
frequency w, and polarization e, is absorbed, (perturbation V ~ ere, = p°), a photon 
with the parameters w and e, is emitted (perturbation V ~ ere, = p?, and the nuclei 
are excited to a higher vibrational state (perturbation w). Using the general 
procedures of perturbation theory one easily obtains the matrix element for this 
process, namely (in the third approximation) , 


Mno,ni~ {Bean o, n1 = 


nes ANY Pam Pak rn terms of the same type, differ- 
rh » | (E,, + hey — E,,) (Ey - Ey + RQ) ae ing in the order of the factors |, (3) 
me p’, p’ and w 


The sum in (3) is taken over all intermediate states, including those in the 
continuous and discrete spectra. In this expression /, is the energy of the mole- 
cule in the 7-th state for the equilibrium configuration of the nuclei, i.e., sim- 
ply the electron energy, and AQ is the vibrational quantum.** 


*We note that what is new here is not that the nuclear motion is treated by 
perturbation theory (this has often been done in solving other problems; see, for 
example, Pekar’, Jahn & Teller4, and Vol'kenshtein et al.1,5), but rather the se- 
quence in which the approximations are obtained for Raman scattering. 


**Footnote, next page. 
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The matrix elements of p°p° and w are calculated by means of the Y,,(r) func- — 
tion, which is independent of the vibrations. Therefore p°, is in general inde- 
pendent of the vibrations, while w,, can be written as a product of independent 
"electron" and "nuclear" factors. In the most general case we can write 


W (r, 8R) = D\(9H/ ORi) aR: = Dj (OH /ARi) CiQz. (4) 


Here His the molecular Hamiltonian, and the indices i and « refer to the 
molecular nuclei and the normal coordinates, respectively. The (C;, vectors re- 
late the nuclear displacements to the normal coordinates: 


oR; = 2 CinQa . 


a 


With the aid of (4), we can rewrite g,, in the form 
Pig a (2, ae 2 C, Be, —Z » Be oRe. (5) 
a 


Each term of the sum in (5) corresponds to the interaction of the molecular 
electrons with the displacement of one of the nuclei. The vector coefficients B,, 
are independent of the vibrations and are fully defined by the structure of the 
electron shells of the molecule (for the equilibrium configuration of the nuclei). 

In solving diverse problems® , it is often convenient to represent the §,, as 
in (3) and (5). As an example, we shall show how these equations can be used to 
calculate the 6,, of molecules containing delocalized n-electrons. As is known, 
the valence-optics scheme is not applicable to such nuclei. In many cases, how- 
ever, their properties can be described with sufficient accuracy by the metallic 
model. Hence, with the aid of this model, one can attempt to calculate the part 
of the §,, tensor that is related to the delocalized x-electrons.* 

Let us assume that the electron moves in the field of N identical centers of 


force, so that 
N 


U(r) = SU; (x), 
t=] 
and that these centers are located as shown in the figure. We shall assume fur- 
ther that the electron's motion is restricted by infinitely high potential bar- 
riers, described by 
Nd 


U{r)= oo for z< 0 and z>L, where L=~. 


*The first attempt in this direction has already been taken. In Ref.6 the 
author calculated the contribution from the delocalized n-electrons to the polari- 
zability of several polyenes by using the simple model of an electron in a one-di- 
mensional potential box. The calculated values for the intensity of the fully 
symmetric vibrations of polyene chains were found to be in satisfactory agreement 
with experiment. 

** (See preceding page.) Obviously one may consider any nuclear configuration 
Rin the zeroth approximation. The equation 

LW: 
W,, (t, R-3R) =F, (e, R)-+ Dy ——™ 
i a: k £,—E, 
is independent of the choice of R. The only requirement is that W be small com- 
pared to £,,&, and (£,—£;). In what follows we shall everywhere understand R 
as the equilibrium configuration of the nuclear ground state. 
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In the most general case, the 
electron wave function can be writ- 


7 ten 
! ra 2 ®, (r) sin — z; 
nace oats gars meg reciices _— 7 L 
a ©, (x, y, z-+ md) = OD, (a, y, 2). (6) 
2 ad 


We now go on to a calculation of 
B,, With (6) as the zeroth approxi- 
Calculation of electron motion mation.* 

Let us now assume, as usual, 
that 2N delocalized electrons occupy the N lowest levels (m = 1,2,...,N). Then 
the principal role is played by the electrons in the last of the filled levels 
and n= N. We shall assume that the potential U;(r) is some function of the form 
U (\r — Ri |). We then may assert that regardless of the specific form of this func- 
tion, its derivative (dU /0R;) fails to vanish only in a small region /|r— R;|<d. 
This fact and the symmetry properties of ©,(r) can be used to represent (dU/ORi), y,) 
as the product of two factors. The first of these factors depends on the posi- 
tion of the i-th nucleus in the chain (on Z;) and can be calculated explicitly. 
The second depends entirely on the specific form of Uj(r) and ©, (r). The final 
expression for 8,, is 


Z 4 Geer?) ‘eee 
N,N+14N41, N N ! Se * igs ge ne 
Bey = NN Awa wae (By Ewe) {s Dy) ‘in Wt 8Xi + Cy Hsin = Medea (8) 
i i 


(Ey — Ey.) (Ey—Ey 4, Po] 


The nuclei in the lower row are those with i = 1,3,5. and those in the upper 
row are those with i = 2,4,6; 6X;and 6Z; are the displacements of the nuclei a- 
long the x and Z axes. 

Let us denote the factor multiplying the braces in (8) by /'(N). Then accord- 
ing to (8) $,, is determined by the two unknown parameters F(N)C, and F(lV)C,. 
These parameters are independent of the vibrations and are fully determined by 
the equilibrium configuration of the molecule. The parameters C, and C, are in- 
dependent of N (i.e., of the length of the chain) and are the same for all chains 
of the type under study, no matter how many nuclei the chain may contain. The 
entire N-dependence is "concentrated" in the factor /(N) and can be calculated 
either in the one-dimensional potential box approximation or from the observed 
electronic spectrum of the molecule. It may be noted that in a linear chain 8,, 
is of an even simpler form. For such a chain (,= 0, and the only parameter that 
enters into the formula for 8,, is /(N)C,. We assumed implicitly above that the 
vibrations do not alter L. This restriction is easily removed. Any arbitrary 
displacement of the nuclei in a chain can be written in the form 


% aL. 
oR; — WN ze, + dR;. 


*In the one-electron case it is possible to separate out an independent part 
of B,. corresponding to the system of delocalized n-electrons. This is the only 
part we are considering here. The transverse dimensions of the region in which 
the electron is localized are of the order of d/2, so that the matrix elements of 
x and y components of the dipole moment are smaller than the z component by a 
factor of about d/L. This is why £,, is of primary interest. 
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The first term gives the displacement of the nuclei when the chain is 
stretched without disturbing its periodicity. Let us consider the zeroth ap- 
proximation for a chain of length L—JL,+¢6L with a period 


L—L 
d= =>*19. 

We shall denote the polarizability of such a chain by a(L). Additional dis- 
placements 6R’, disrupting the periodicity will change the polarizability by an 
amount a (L, Ri), which can be calculated in the same way as (8). In the general 
case the polarization is the sum of « and«. 

Equation (8) can also be used to calculate £,,. For fully symmetrical vi- 


Fe) bhi Blames 

For the calculation of 0«/0L see Iazykova's dissertation.& IfaL= 0, we 
obtain (8) again. 

It is relatively simple to generalize (5) to the case in which the molecule 
is subjected to an external (intermolecular) interaction. There are several in- 
teresting evaluations that can be made in this case. In particular, one can es- 
tablish the relation between the intensity of the forbidden lines in the Raman 
spectrum of liquids and the intensity I' of the so-called low-frequency Raman 
spectrum (scattering by intermolecular vibrations). When one knows this ratio 
and the allowed and forbidden Raman line intensities, one can evaluate the upper 
bound for I'. This is of definite interest from the standpoint of interpreting 
the nature of the Rayleigh scattering tail. 

We note in conclusion that when the electron functions are sufficiently sim- 
ple in the zeroth approximation, it becomes possible to calculate 8,, directly 
from (3). As an example of such a case, we refer to the calculation of the cross 
section for Raman scattering of x-rays by plasma waves undertaken by the author 
and Feinberg’ (also see Ref.8 for more details). 


brations, for instance, 5R; =0 and 8,, = 
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INTENSITIES AND POLARIZATIONS IN THE RAMAN SPECTRA OF 
CgHg, CgDg AND SYMMETRICAL CgH4D, 


- M.A.Kovner & B.N, Snegirev 


The availability of new experimental datal on the Raman spectra of Ce6He, 
CgDg and CgH3D3 makes it possible to solve the problem of determining the elec- 
trooptical parameters (polarizabilities and the derivatives thereof) of the ben- 
zene ring for the purpose of clarifying the characteristics of its electron 
shell and subsequent calculation of the intensities in the spectra of more com- 
plex substituted benzenes. We made use of the formulas of the valence-optical 
theory? and the formulas of Ferigle & Weber3, which dispense with taking into 
account the equivalence of the angular momentum to zero in explicit form, (gen- 
eralized by us to the case of bonds not possessing axial symmetry) for calcula- 
ting the tensors of the polarizability derivatives with respect to the normal 
coordinates for all vibrations evinced in the Raman spectra of CgHg, CgDg and 
CgH3D3. We determined the elements of the L matrices of the normalized vibration 
coefficients entering into these tensors through solution of the mechanical pro- 
blem5,6, It should be noted that the formulas of Ferigle & Weber? comprise ele- 
ments of the L~1 matrix. One can, however, avoid inversion of the L matrix by 
making use of the relationship A(L~1)' = L, in which A is a matrix of kinematic 
coefficients. 

Allen & Bernsteinl give the experimental values of the depolarization coef- 
ficients p and the ratios 
(See)' +721) 


S ae ae F 
(90"?- 7g’?),5, ° 


where Chi, Le “ and g’ are the traces and anisotropies of the tensors of the pola- 
rizability derivatives with respect to the normal coordinates of the 7-th normal 
vibration and the vibration with a frequency of 458 cm-l in the Raman spectrum 
of CCl4. For calculating the electrooptical parameters of benzene one must first 
evaluate 


(50/2 + 7g’2)a = K?. 


We did this by means of the formulas of Ref.4 for the tensors pertaining to 
FE, and the values of S for the 849 and 661 cm-l frequencies in the spectra of 
CgHg and CgDg, using the procedure described by Whiffen’, Through such calcula- 
tion there are obtained two values of K’, namely, Aj =0.352A~° and Kj; = 0.028 A~*. 

Inasmuch as a priori choice between these two values is impossible, we car- 
ried out all the calculations for both values, i.e., in two variants, hereinafter 
designated I and II. In addition to the values of K*, using the above values of 
S, we determined by means of the formulas of Ref.4 the linear combinations 
Og, + %, — 2to, and « + %,. — 20,,* pertaining to the polarizabilities of the C—C 
and ‘C—H bonds; one can then calculate the values of S for the nonplane £” vibra- 
tions of CgH3D3. Finally using the values of K? and Eq. (7) of Ref.4 one can cal- 
culate S and p for the Ajg vibrations of CgHg and CgDg and 4, of CéH3D3. 

The tensors of the H; symmetry representations for CgHg and CgDg and ’ for 
CgH3D3 contain new electrooptical parameters, namely, the differences %,, — %,, 
%,, — %,.and their derivatives. There are available 15 experimental values of S 
for their determination. In extracting the square root and solving such a sys- 
tem of excess equations there result many variants of combinations of signs; from 

*The values of these quantities in Ref.4 and Table 2 (variant I) differ some- 
what inasmuch as in the first calculation we used the ordinary masses of H and D 
and in the second calculation the spectroscopic masses. 
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among these we chose the variant that appeared most plausible from the physical 
standpoint. 

All the calculations were carried out in the ordinary so-called zeroth ap- 
proximation of the valence-optical scheme?; the results are listed in Tables 1 & 
2. In the case of benzene, however, it is expedient to take into account the de- 
pendence of the polarizability of the bonds on changes in the length of the other 
bonds and the values of the valence angles, i.e., to go over to the first appro- 
ximation in solving the electrooptical problem. In this case there are intro- 
duced corrections to the tensors of the polarizability derivatives with respect 
to the normal coordinates; these corrections can be most readily expressed by 
means of row matrices of the form 


(%Qi9? %Qim? *Qip) = 4; (% 9:9? Xaim Yip) = 3 
(% 0:0? “Qiym? “Qiyp) = &%3 (Ci qatar 8 
el (2 “(Yd (2 a 2 , , ’ r(2 ‘i e 
(ath Hoh eor moiep Hop) ao Bi (2 {8h9 80? Og? fam) os B i’ 
ais Being 20 
Table 1 


Observed and calculated intensities and depolarizabilities in 
the Raman spectra of CgHg, CEDg and CgH3D3 


| oft} 422} pf7] 


are ar. | Var. (Var. 
T Tk t | Tr pe 


5 si] 
obs. obs. jcala| calc 
} 4 


Substance and 
symmetry type 


? 


v 
oni 


CoH = 849 |0,105}0,105}0,105 | 0,105 | 0,105 | 0,105 ) 
CDs g 661 |0,204]0,204 | 0,204 | 0,204 | 0,204 | 0,204 | 
0,86 
374 | 0,013] 0,095 10,012] 0,0°5 | 0,013 | 0,013 
CoHsDs E" 710 |0,101/0,041 | 0,133 | 0,044 | 0,133 | 0,134 
947 | -— |0,089]0,017| 0,089 | 0,017 | 0,083 
C.He 992 | 4,406] 4,47 4,47 4,19 | 0,11 | 0,44 | 0,14 
a 3062 |16,505} 16,78 16,78  |17,80 | 0,24 | 0,24 | 0,20 
g 945 | 4,041 4,56 4,56 4,29 | 0,12 | 0,44 | 0,42 
DAN 2292 | 7,702 67 6,67 6,98 | 0,21 | 0,23 | 0,24 
955 | 2,785 3,24 2,80 2,92 | 0,12 | 0,44 | 0,12 
mes x 1003 | 0,804 1,20 0,77 1,34 | 0,11 | 0,44 | 0,14 
seateo's a 2283 | 2,422 3,32 3,03 3,44 | 0,22 | 0,23 | 0,22 
3054 | — 8,39 8,70 8,89 0,21 | 0,20 
Al} FE? | 3054 |7,730} 11,06 | 14,37 0,99 | 0,36 | 0,30 | 0,36 
606 | 0,184 0,16 0,16 0,2042 } 
ete 1178 | 0,584 0,44 0,44 0,58 
aus 1596 | 1,084 1,33 1,33 1,15 
3047 | 4,608 5,75 5,75 3,66 
Eo 577 | 0,146 0,45 0,45 0,13 
867 | 0,305 0,34 0,34 0,31 
CeDo 1560 | 0,979 0,99 0,99 0,92 
2264 | 2,470 2,50 2,50 3,45 0,86 
594 | 0,180 0,16 0,16 0,16 
832 | 0,133 0,08 0,08 0,12 
1102 | 0,169 0,18 0,18 0,24 
CoHsD3 E’ | 1396 | 0,049 0,12 0,12 0,12 
1576 | 0,925 1,28 1,28 1,03 
2273 |0,523 1,70 1,70 1,64 
3054 | — 2,67 2,67 2,04 hue oe 


Figures in (] are Refs. 
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Table 2 
Calculated electrooptical parameters of the C—C and C—H bonds 
1 
Calculated values 


Zeroth ; ; , 
approximation First approximation ariant Rs as Ref.7 
Cy do, + Ha 1,32.A2} 4,70 A23,4 A? 
doe doo + Haa 0,34A2} 1,24 A2/2,5 A2 
dog o3 + Hsa 0,23 A2) 0,80 A2/0,8 A? 
Can y+ hia 0,86 .A2) 3,04 A2/2,6 A2 
Ooo dag + hea 0,24A%) 0,83 A21,2 Az 
43 a3 + hsa 0,03 A2} 0,11 A2/0,4 A2 
Gos + %Q2— 2 tog to, + Ae, —2aQ5 1,75 As} 1,94.A3) — 
V3 
day — ago + > [(G1 — Ga) ¢ + 
1 ; ; 
Ao4 — 4 Qe + (81 — 82) 6 + > (Bi — Be — 0,22 A3} 0,80 A3} — 
— Bi + Be) a| 
hoy + Aq — 24,3 ho, + O59 — 2445 0,24 A%} 0,04 A — 
V3 ; : 
Bat — Xoo Ao, — Aen + > (Bi — Bz — B+ Be) |] 0,04 A3} 0,44 As} — 


4 , ’ ° ° 
— (GitGe)f+a(aqy +2) +  |—0,08 A3]—o,30 As} — 
1 
ete 2 (g1 + 82) 4 


4 1 wt ’ ¢ 
Gsf +> gst + 7453, —0,01 A%/—0,05 A%} — 


and column matrices 
2 4 4 4 4 
Bee og eae Har pes a Pg: 
1 nat 4 —-t 1 
4 
a’ 1 Koigr %, 


Here Kain? Xoim? Qip ain? Xai are the derivatives of the polarizabilities of 
the C—C and C—H bonds in the i directions with respect to the lengths of the 
C—C and C—H bonds oriented in the ortho-, meta- and para-positions with regard 
to the given bond; «’ Caen! L Serstegags and Xiao, m, ok atta ao are the derivatives of 
the same polarizabilities with respect to the C—C—C and C—C—-H angles with the 
same apex but arranged in a nonequivalent manner with regard to the given gond. 

It follows from Tables 1 & 2 that variant II is to be preferred; this becomes 
evident only when we examine the results of calculation of the values of S for 
Cg6H3D3. (This calculation was not made in the work of Ref.4.) Variant II was al- 
so given preference by Whiffen? whose results are listed in the last columns of 
Tables 1 & 2 for purposes of comparison. The superiority of variant II can be 
confirmed by an independent calculation. It follows from Ref.2 that 


= [20 (a + 20,)?N?)-1, 


where a is the longitudinal and a, is the transverse polarizability of C-—-Cl bonds 
and the normalization factor N=v/Vk ; here y= 458 cm~1 and the force constant 


k for the C—Cl bond Ee ae ade , 
Substituting «= 3.07 A? and a, = 0.74 AS (Ref.2) (the length of the C--Cl 


bond is expressed ame 1.09 A units and is dimensionless) , we find that K*= 0.07 
A-§. This value is appreciably closer to Kj, than to Kj. 
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In the case of variant ITI, %q + %g2— 2a,,3= 0.04 A’ and differs greatly from 
the corresponding value in paraffins, which indicates that the axial symmetry of 
the C—H bonds in benzene is disturbed. It will be evident from Table 1 (the (9) 
and (1)denote the zeroth and first approximations) that the introduction of the 
first approximation makes it possible to improve substantially the agreement be- 
tween the calculated and observed values of S in the case of the A; vibrations 
of CgH3D3. This improvement is obtained as a result of using the quantities in 
the last two rows of Table 2. 


"n.G.Chernyshevskii" Saratov State University 
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CORRESPONDENCE OF THE ABSORPTION AND LUMINESCENCE BANDS OF COMPLEX MOLECULES 
- B. I. Stepanov 


In this contribution we shall show that there obtains the following univer- 
sal relation between the contour of the fluorescence band and the contour of the 
long wavelength absorption band of complex molecules, namely, 


wen = D(1’, exc. cond. ) ehehs Mey Wu, = d-A,yv3 mT 5 (1) 
e =. 
wherein the proportionality factors D and d depend only on the temperature and 
excitation conditions and do not depend on the frequency v. 

In Eq.(1) wium and Wther-em are the luminescence and thermal emissive 
powers, 2J, is the absorptive capacity and u, is the density of the equilibrium 
emission. Relation (1) is valid if during the time the molecule remains in the 
excited electronic state there is established statistical equilibrium of the e- 
mitting center with the surrounding medium, and consequently, an equilibrium dis- 
tribution over the vibrational energy levels.* 

This assumption is generally considered to hold for solutions.2 It is in- 
voked to explain the fact that the quantum efficiency and position and contour 
of the luminescence band are independent of the frequency of the exciting light, 
the equal persistence of all frequencies of the luminescence band and other ex- 
perimental facts. The assumption is supposed to be valid not only for solutions 
of complex molecules but also for other condensed systems. It is also partially 
valid for vapors of complex molecules inasmuch as during the time the molecules 
remain in the excited state there occurs extremely rapid redistribution of vibra- 
tional energy over individual degrees of freedom and attainment of statistical 
equilibrium inside each excited molecule (see below). 

Before embarking on the proof of the above universal relation, we must re- 
call a fundamental law of thermal emission, namely, Kirchhoff's law. It is ap- 
plicable to all bodies in the state of equilibrium with the surrounding mediun, 
including complex molecules such as dye molecules. According to Kirchhoff's law 


yey Poke Wins (2) 


The absorptive capacity 2%, is proportional to the absorption coefficient h, 
and is known from experiment for many complex molecules. The variation of k, 
with frequency v is essentially what is usually called the contour of the absorp- 
tion band. A typical Y%, vs y curve for dye type molecules is shown in Fig.1 
(curve 1). Curve 2 in the same figure gives the variation of Planck's function 
in the visible region of the spectrum. For the purpose of our discussion the im- 
portant point is that as v decreases the value of u, monotonically increases. 
Curve 3 gives the result of multiplication of the values of 2, and uw, ,i.e., the 
thermal emissive power of the given substance. The maximum of the thermal emis- 
sion band is shifted somewhat to the side of lower frequencies relative to the 
maximum of the absorption band. According to Eq.(1) the luminescence power is 
proportional to the thermal emissive power; consequently, knowing the contour of 
the absorption band from experiment, we can readily calculate the contour of the 
thermal emission band and compare it with the contour of the luminescence band. 


*In addition it is assumed that nonexciting absorption can be neglected. 1 
Relation (1) is inapplicable to mixtures of two substances absorbing in the same 
spectral region. 
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Let us consider the level diagram 
shown in Fig.2. The lower part re- 
presents the vibrational levels of 

2 2 / the lower electronic state; the upper 
part the vibrational levels of the 
upper electronic state. In the gene- 
ral case, the emissive power at fre- 
quency y (in a unit frequency inter- 

y val) is given by2 
Fig.1. (Scales arbitrary). - ; ; 
Wy = nv\ n (Eyip) A(Evip: ¥) CEvibd. (3) 


Here n'(Ey;,) is the number of ex- 
cited molecules per unit vibrational energy interval, 
A(Exibs vjis the probability of a spontaneous transition 
(Einstein's coefficient) from the vibrational level Evyip 
of the upper electronic state to the vibrational level Lyi, = 
=Esip—hvthve of the lower electronic state. Integration 
is carried out over all values of the vibrational energy 
of the excited state. 

Let us assume now that complete thermodynamic equilibri- 
um has been attained in the system under study. In this 
case according to Boltzmann's formula 


* * * * i E = 
Fig.2. n (Evin = C (2) ng (Evin) exp (us “| 3) 


where nis the total number of molecules, g (Eyit) is the 
statistical weight of the vibrational levels of the excited electronic state and 
hve + Eyip is the total energy of the vibrational level ERS 
Substituting (4) in (3), we obtain the following equation for the thermal 
emissive power 
ther. e r —hyv.e /kT ‘ye + _ Evin 
wynereem— hyC (T) nee"? 9° (Hie) A (Expy v) eT dE nay - (5) 


Let us now find the luminescence power. According to our initial assumption, 
prior to the emission event there is established an equilibrium distribution of 
excited emitting centers over the vibrational energy levels: 


n” (Evi) = C° (T) ng’ (Eqiy) & vib! ed 


Here n° is the number of excited molecules, which depends on the excitation 
conditions: the intensity of the incident light, the presence of quenchers, the 
temperature and properties of the molecule itself. The statistical weight g (Eqid 
has the same meaning as in Eq.(4); it depends only on the properties of the mole- 
cules. The temperature T in the case of solutions is determined by the tempera- 
ture of the medium; in the case of vapor it may depend, in addition, on the exci- 
tation conditions. : 

Substituting (6) in (3), we obtain for the case of solutions 


Win 2 7A3C°(Ty we (Tae. con) { g (Ei) A(Eiy ve VO dE sy (7) 


From (7) and (5) we readily obtain our initial formula: Eq.(1). There may 
obviously occur deviations from relation (1) in practice. Such deviations, how- 
ever, should not be taken to mean that the relation itself is invalid but only 
as indication that the necessary conditions are not fulfilled. If the redistri- 
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bution of particles over vibrational levels occurs slowly and equilibrium is not 
established during the time the molecule remains in the excited state, relation 
(1) loses all meaning. If the deviation from equilibrium is relatively small, 
comparing the contour of the luminescence band calculated by means of Eq.(1) with 
the contour of the band measured experimentally, we can draw certain inferences 
regarding the degree and character of departure from equilibrium and the rate of 
attainment of equilibrium. Such a case may occur, for example, in studying anti- 
-Stokes fluorescence. Whereas in Stokes excitation the contour of the lumines- 
cence band is characterized by Eq.(1), in going over to anti-Stokes excitation 
the relation no longer holds. »4 This indicates that in the case of anti-Stokes 
excitation, equilibrium distribution of the excited molecules does not have time 
to become established prior to the emission event. 

A distinctive situation occurs in the luminescence of rarefied gases. In 
this case (with Vexcoit> Ye) equilibrium with the medium is not realized: the ex- 
cited molecules possess an excess of vibrational energy. At the same time, in- 
side each molecule equilibrium of the individual vibrational degrees of freedom 
is established.2 The intrinsic temperature of such molecules is higher than the 
temperature of the medium and depends directly on the frequency of the exciting 
light. This is why the contour of the luminescence band of a vapor, although 
generally close to the contour of the luminescence band of the corresponding so- 
lution, differs somewhat from it, the difference increasing with the magnitude of 
Yexcit~ Ye- If there were no equilibrium in the vapor molecule, the luminescence 
spectrum would depend much more strongly on Vexcit (as, for example, in atoms). 

Recently Alentsev® called attention to the fact that relation (1) can be ap- 
plied to vapors. In this case, however, the contour of the luminescence band 
must be compared with the contour of the thermal emission not at the actual tem- 
perature of the experiment but at another, higher temperature equal to the mean 
intrinsic temperature of the excited molecules.* This suggests an obvious pro- 
cedure for determining the mean intrinsic temperature of excited vapor molecules. 

Verification of relation (1) on the basis of extant experimental material is 
dirzicult. rated investigators studying the luminescence of complex molecules mea- 
sured only wie and k, close to the center of the band and did not make careful 
measurements at the edges of the band where W 2 and k, are small. This has been 
due not so much to experimental difficulties but to the fact that there was no ap- 
parent need for such data. The first results of attempts of verification of re- 
lation (1) using extant experimental material, carried out in the work of Kaza- 
chenko®, Kazachenko & Stepanov and Alentsev®, indicate both that the relation is 
valid in principle and that there are certain deviations from it. Careful inves- 
tigation of these deviations should help clarify the distinctive features of the 
luminescence of different types of complex molecules. 

Relation (1) has been used! for developing a method for determining the fre- 
quency of a purely electronic transition from the absorption band alone without 
measurement of the luminescence spectra or from the luminescence band alone with- 
out measurement of the absorption spectrum. Strictly speaking, this method is 
applicable only to molecules characterized by mirror symmetry of the long wave- 
length of the absorption band and the luminescence band. In most actual cases 


*Analyzing a number of earlier experimental data from the standpoint of re- 
lation (1) Alentsev came to the conclusion that the mean temperature of excited 
molecules in a solution is also higher than the nominal temperature of the solu- 
tion. This may indicate that the pate: of puerey with the medium does not 
have time to go to completion within 10°°-10°% sec and equilibrium is not at- 
tained. This hypothesis, which requires further experimental proof, may be im- 
portant in clarifying the nature of processes occurring after excitation. 
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precise symmetry does not obtain; as a rule, however, close to the point of inter- 
section of the spectra, a degree of symmetry is realized and the proposed method 
may lead to useful results. 


Institute of Physics and Mathematics 
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DIFFERENT FORMS OF CONCENTRATION QUENCHING AND THE POSSIBILITY 
OF DISTINGUISHING BETWEEN THEM* 


- V.L.Levshin & E.G, Baranova 


The present work was a continuation of our earlier investigations!» devoted 
to clarifying the nature of concentration quenching in dye solutions. As the sub- 
ject of the present study, we chose solutions of rhodamine 6G and rhodamine 6B in 
water and ethyl alcohol. 

In our opinion there may exist three different types of concentration quench- 
ing, namely, quenching due 1) to inactive absorption of the exciting light by non- 
luminescing associative complexes, 2) to transfer of excitation energy from an ex- 
cited monomer to a nonluminescing complex and 3) to transfer of energy from an ex- 
cited monomer to a nonexcited one. In the last case the decrease in luminescence 
results from the fact that part of the transitions lead to dissipation of the ex- 
citation energy. 

In this study we noted the formation of nonluminescing aggregates with in- 
creasing concentration and determined the degree of association. Further, we de- 
veloped methods for distinguishing between the above mentioned quenching processes. 


Aqueous solutions 


In aqueous solutions of rhodamine 6G and 6B there is virtually no association 
up to a concentration of 4-10-6 mole/liter, for the absorption spectra of both 
dyes undergo little or no change up to this concentration. Up to this concentra- 
tion, too, no concentration quenching is observed: the luminance of thin layers of 
solutions increase in proportion to the concentration. 

With further increase in concentration, there occurs a noticeable change in 
the absorption spectra. The variation of the absorption spectra of rhodamine 3B 
extra is shown in Fig.l. With increasing concentration, the short wavelength ab- 
sorption maximum rises, while the long wave absorption maximum flattens out. The 
absorption curves for both rhodamine 6G and rhodamine 3B solutions pass through a 
common point of intersection. 

For solutions containing dimers the absorption coefficient is given by 


a= ome + aq(1 — 2), (1) 


where a, and %q are the absorption coefficients of solutions of monomers and di- 
mers, respectively, and x is the fraction of monomers in the solution; «a, can rea- 
dily be determined from the spectra of weak solutions, while a, is unknown. 

For the case of equilibrium of dimers and monomers in the solution 


a te, Cz) 
dt men Ge 
From (1) and (1') we obtain 
(a — a4)? D 
Oy % = (%n— 4a); (2) 


where D is the equilibrium constant. Obviously, for two different concentrations 
Cj and C2 we can write 


*Resume of report. Complete text will be published in "Optika i spektro- 
skopiia". 


ay — XY 
ine Ya oa 
a, — Bas 


1—B 


whence 


%g= 


where 


Ce (%m— %1) 
Cy (4,— ot) i 


: (3) 


Cy Kite eeery (%&mm— 1) 

C1 (Gp — a2) (%y— ae)” 
and «a, and «a, are the experimentally determined absorption coefficients for the 
two solutions having the concentration Cj and Co. 


207 7 


° 
~ 
8 


450 ¥ 550 650. v0" 
Fig.1. Absorption spectra of aqueous 
solutions of rhodamine 3B extra at dif- 
ferent concentrations: 1) C = 4-1073, 

2) 2-10-3, 3) 1-1073, 4) 4-10-74, 5) 4: 
-10-5, 2-10-6 & 4-10-68 mole/liter (a = 
= absorption coefficient). 


From (3) we can determine «aq for 
any given wavelength and then by 
means of (1) find x. Thus from the 
absorption spectra we can determine 
the degree of association in the so- 
lution and evaluate the role of inac- 
tive absorption. 

The effect of migration (energy 
transfer) quenching can be determined 
from the decrease in luminescence in- 
tensity of a thin layer of solution. 
The luminescence intensity of a thin 
layer of solution is given by 


] “ce Axl xy % 3 (4) 


seC'where A is a constant that depends on 


the excitation intensity, the thick- 
ness of the layer, the absorption co- 
efficient and the luminescence yield 
at low concentrations but does not 
depend on the concentration, the as- 
sociation of the dye molecules or 
transfer of energy; x is the fraction 


of molecules in the monomer state; x, and x; are factors taking into account the 
decrease in intensity due to transfer of excitation energy to monomers and dimers, 


respectively. 


As a result of investigation of the luminescence intensity I of thin layers 
of rhodamine 6G and 3B solutions, we obtained the data shown in Table 1 (t/Tg is 
the relative change in persistence of luminescence) .* 

It will be evident from Table 1 that migration of excitation energy from 
monomers to dimers in solutions of rhodamine 6G becomes noticeable at a concen- 
tration at which the mean distance from an excited molecule to a dimer molecule 
is 100 A; the corresponding distance in rhodamine 3B solutions is 85 A. 


ee en me ee ee ee a ee 


*The measurements on a Tumerman fluorometer were carried out by O.F. 
Shelaeva, for whom we take this opportunity to thank. 
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Table 1 


Variation in association with increasing concentration of solutions 
of rhodamines 6G and 3B and development of migration quenching 


Rhodamine 6G 


Rhodamine 6B 


C, K, % K, % 
mole/| ( from IICA xm %*q a (from ICA Xinha +|T, 
liter ae absorp- 
tion tion) 
4.10-8 4,00 4,00 4,00 4,00 1,00 1,00 4,00 1,00 
4-10-4 0,72 0,74 1502 1,00 0,90 0,94 1,01 4,00 
2-10-4 0,61 0,63 1503 1,00 0,85 0,87 4,02 4,00. 
4-10-4 0,50 0,02 1,04 0,80 0,74 0,76 1-02 0,93 
4-10-38 0,35 0,29 0,83 0,70 0,58 0,55 0,95 0,90 
2-10-3 0,26 0,17 0,67 0,60 0,46 0,33 0,72 0,80 
4-10-8 0,20 0,08 0,40 0,41 0,35 0,18 Ont 0,69 


Alcohol solutions 


The solubility of rhodamines in alcohol is much higher than in water. 


In 


alcohol, concentrations of up to 1.6-10-1 mole/liter can be attained. 
Concentration quenching becomes evident only at very high concentrations of 


the order of 1-10-72 mole/liter. 
concentrations. 


The absorption spectra change little up to such 
The quenching is connnected with the formation of associative 


complexes, inasmuch as upon heating of quenched solutions their luminescence 


sharply increases. 


To explain this we must assume that in alcohol solutions the 
predominant role in quenching is played by energy transfer to dimers. 


Percent- 


agewise the dimer content in solutions even at high dye concentrations is low. 
It may be inferred from a comparison of the absorption spectra of water and al- 


cohol solutions that in an alcohol solution of rhodamine 3B with a concentration 
of 8-10-2 mole/liter the percent of dimers is only ~5%, i.e., Cg = 4-10-3 mole/ 

/liter. Although the percent content of dimers is low, in view of the high con- 
centration of dye at which quenching is observed, the actual absolute concentra- 


tion of dimers is appreciable and apparently sufficient for the development of 


inductive concentration quenching. 


Table 2 
Variation of the luminescence intensity 
of alcohol solutions of rhodamine 3B as 
function of the concentration 


Measurements of the intensity of lu- 
minescence of alcohol solutions in thin 
layers (excit = 365 mu) and with com- 
plete absorption (Ngxycit = 540 my) 
yielded the data listed in Table 2. The 


Thin layer| Complete luminescence was observed in the orange 
eis pare ST es a region of the spectrum (600-650 my), 
mole/liter Te %%q Ie XXq where absorption by the solution is weak. 

In view of the fact that the dye con- 
1,4-10-3 4,00 4,00 centrations in ethyl alcohol were very 
4-10-2 0,94 0,94 high, we had reason to expect that here 
care hae aa the quenching influence of energy migra- 
8-10-2 0.12 0,12 tion from monomer to monomer would be 
1,6-10-2 ; «0,04 0,04 evinced. Actually, however, no quench- 


ing was observed up to a concentration 

of 1-1072 mole/liter; consequently, this effect is very weak as compared with 
quenching due to energy transfer to associative complexes (dimers). In water 
solutions one cannot obtain concentrations better than 3-10-3-10-2 mole/liter, 
hence if the efficiency of quenching due to energy migration from monomer to mo- 
nomer is equal to the efficiency in alcohol solutions, this effect in water solu- 
tions can be neglected; it is highly probable, however, that in water monomer to 
monomer energy transfer quenching is more effective than in alcohol. 
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Aggregates in binary solutions 


We investigated the possibility of formation of complexes of molecules of 
two different dyes, namely, rhodamine 6G and rhodamine 3B. 
de 107° liter mole7+ om-+ 


700 900 1100 fs 1300 4 
v0, Sec 


Fig.2. a) Absorption spectra of binary solutions in the principal 
region of the spectra - appearance of complex aggregates; 1 - C= 

= 2-10-3; rhodamine 3B; 2 - C = 2-1073, rhodamine 6G; 3 - experi- 
mental curve for a binary solution of rhodamines 3B and 6G with 
equal concentrations C = 2-1073; 4 - curve for the same solution 
calculated as the sum of curves 1 and 2; 5 - experimental curve for 
a binary solution of rhodamines 3B and 6G with equal concentrations 
C= 4-10-73; b) absorption spectrum of binary solutions in ultravio- 
let region; rhodamines 3B and 6G in equal concentrations: ® - C = 

= 1-10-73, 0 - C = 4-10-75 (all concentrations in mole/liter). 


At low concentrations the absorption spectrum of binary solutions proved to 
be equal to the sum of the spectra of solutions of the individual components. At 
high concentrations, however,the additivity broke down. Fig.2 shows the spectra 
of the individual components, the calculated (sum) spectrum for a binary solution 
(dashed curve) and the observed spectra of binary solutions. It will be seen 
that the calculated curve differs noticeably from the experimental spectra. The 
difference is evidence of the formation of complex aggregates. These are less 
stable than dimers of the individual components and dissociate when the solution 
is heated to 80°. At this temperature the experimental spectrum of the binary 
solution becomes identical with the calculated (sum) spectrum. 

It must be noted that the change in the absorption spectra incident to asso- 
ciation is limited to the first absorption band lying in the visible region of 
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the spectrum. The ultraviolet part of the spectrum both for ordinary and com- 
plex aggregates of rhodamines 3B and 6G agrees with the spectrum of nonassocia- 
ted molecules and is similar for both dyes. 
Thus association affects only the x-electron cloud. 
The authors would like to thank L.V.Krotova for assistance in the work. 
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ON THE RELATION BETWEEN THE KRAVETS INTEGRAL (AREA OF THE ABSORPTION BAND) 
AND THE LIFETIME OF THE EXCITED STATE OF MOLECULES 


- M.D.Galanin & Z.A.Chizhikova 
Introduction 


The luminescence of complex molecules is usually associated with electron 
transitions from the first excited state to the ground state. In absorption 
these transitions are responsible for the long wavelength absorption band. If, 
in conformity with the Franck-Condon principle, the electron transition probabi- 
lity is independent of the vibrational-rotational state of the molecule, the 
transition probability calculated from the first absorption band should be equal 
to the probability of the inverse transition. 

In the case of luminescence with a quantum efficiency of 100% the transition 
probability from the excited state is obviously equal to the emission probability 
1/To9, where To is the mean lifetime of the excited state. For absorption the 
transition probability is proportional to the area of the absorption band (the 
Kravets integral). Thus under the given conditions there is a direct relation 
between the Kravets integral and 1/to. Despite the fact that this relation is a 
general one and has been repeatedly used in different studies, we have no more 
or less systematic data on the extent to which it holds in the luminescence of 
complex molecules. Moreover, the question of the influence of the solvent (in 
particular the influence of the "effective field”) on this relation has not been 
considered in the literature. 

The influence of the effective field on the absorption band integral was ta- 
ken into account in Kravets' classical work.1 Later this question was examined 
by Chako2. It was found, however, that the Lorentz corrections to the effective 
field do not lead to a satisfactory explanation of the observed change in the ar- 
ea of absorption bands in going from vapor spectra to the spectra of solutions 
(see, for example, the review of Ref.3). The available data on absorption do not 
allow of determining the reasons for this divergence: it may be due to a diffe- 
rence between the actual effective field and that calculated according to Lorentz 
or it may be due to changes in the transition probability as a result of some in- 
fluence of the solvent which cannot be taken into account by means of the effec- 
tive field. 
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Below we shall give experimental data illustrating the relation between l/t, 
and the area of the first absorption band for luminescing substances with a high 
quantum efficiency. 

The influence of the index of refraction of the medium and the effective 
field on the relation between the probabilities of absorption and emission have 
been considered in the work of Dexter*»5, In a number of treatises on lumines- 
cence, however, one can still find formulas that fail to take into account the 
influence of the effective field on this relation.®»? ence it may be expedient 
to give a brief derivation of this relation. 


1. Derivation of the relation between the probability of emission (1/To) 
and the area of the absorption band 


Let us consider the simplest classical model of an emitter in the form of a 
dipole oscillator inserted in a spherical cavity in a medium with an index of re- 
fraction n. The relationship between To and the integrated absorption coeffici- 
ent for a classical oscillator is of course trivial inasmuch as both quantities 
in this case are fully determined. But this simple classical model serves to 
show how the relation in question depends on the index of refraction of the med- 
ium and the effective field. The damping constant of the oscillator is given by®: 


n. (1) 


The energy of the electromagnetic wave absorbed by the oscillator per unit 
time is defined by the following expression (the electric field vector is assumed 
to be directed along the dipole axis) 7: 

Loot Ty, 
dW ans mst m eff 
dt (e5—0*)? 4 Ayan? 


; (2) 


where y is the damping constant, EZ ee is the mean square of the electric field 

strength (frequency w) of the incident wave in the cavity ("effective field"). 

Let us characterize dW,,./dt in terms of the absorption coefficient k(w).The at- 
tenuation of the energy flux S in passing through a layer dz is 


+2 aW abs Ndx 
dS = —k() Sde = — ——S0s_. °% | (3) 
where S = (c/4x)nE2 (here E2 is the mean square of the external field intensity), 
N is the number of dipoles per unit volume and the factor 1/3 takes care of ave- 
raging over the angle between the direction of the electric field and the axes of 
the randomly oriented dipoles. From (2) and (3), integrating over the frequen- 
cies and comparing with (1), we obtain 


fe _% (=z nt \ & () dw (4) 
To a Tt2c2/V ete fe ‘ 


A more general derivation of this relation, not connected with any specific 
model, is based on the relative values of Einstein's coefficients. The ratio of 
the spectral densities of Einstein's coefficients A'(w) and B'(w) when the radia- 
ting system is located in a medium with an index of refraction n increases by a 
factor of n?(this is because the intensity of equilibrium radiation in the medium 
increases by a factor of n*; while the radiation density increases n° times). 
Consequently, 


Boh Anes % 


giB’ aes (5) 
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where g; and g, are the statistical weights of the upper and lower states. The 
Einstein coefficient A' is related to the emission probability by 


ee j4 () doo. (6) 


To 
Coefficient B' determines the absorption probability. The energy absorbed 
in a layer having an area of 1 cm? and a thickness dz in the frequency interval 
dw is 


dS (w) = — NB’ (a) u (w) ho dz dw, (7) 


where U(w) is the energy density at the point where the absorbing system is situ- 
ated. 

Obviously, w() is proportional to the square of the effective field intens- 
ity and, consequently, 


u (@) = $(0) (“ett . (8) 


c/n & 


Recalling (3), we obtain the sought relation, fully similar to that deduced 
from the classical model, but having a more general meaning: 


4 is ‘&1 4 1 ( E 2 a \ an 
Ty p= £2 tc2N i) @ k (a) do). (9) 
For a Lorentz effective field), =-, +, and the factor dependent on nis 
3n \2 eff m+2 
(a3) - For the usual values of this factor is close to unity. 


2. Experimental data 


Experimental verification of formula (9) requires that certain conditions be 
fulfilled and is predicated on a number of assumptions. The experimentally mea- 
sured value of Tt will be equal to the "natural" lifetime Tg of the excited state 
only in the absence of quenching. If the quantum efficiency p of the luminescence 
is less than 100%, we can calculate To from the measured T by assuming that the 
quenching is of the second kind. Then To = T/p. Obviously, the possibilities of 
concentration quenching and increase of tT due to reabsorption and secondary emis- 
sion must be excluded. 

We measured T, the absorption spectra and the quantum luminescence efficien- 
cies for several luminescent solutions. The lifetime of the excited state was 
measured by means of a phase fluorometer; the absorptinn spectra were measured on 
an SF-4 spectrophotometer. The quantum efficiencies were determined by comparison 
with a standard solution of fluoroscein. The quantum field of fluoroscein was de- 
termined anew by the procedure described earlier.9 

The experimental results are listed in the accompanying table; some of the 
absorption and luminescence spectra are reproduced in the figure. 

In calculating To from the absorption we used the Lorentz effective field. 
The precise value of the index of refraction of crystal anthracene is not known 
but is is close to 2 and hence the factor dependent on n was taken equal to unity. 
For all the solutions the values of To determined from the area of the absorption 
band are in good agreement with the values calculated from measured values of T 
and p. In the case of acridine and quinine, as will be obvious from the figure, 
there is some uncertainty as regards the actual area of the first absorption band. 
There is a considerable divergence for the anthracene crystal. Such a difference 
between the values for the crystal and the anthracene solutions is not unexpected 
and may be connected with the intensity of the effective field in the crystal. 
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t+10729 at 40a sec calculated 


Substance Solvent re) sec | from |, from 
wets (100%)| meas. op Ae absorption 
Fluorescein! Glycerol 1.0 4.2 4.2 3.8 
1-,1'-,4-,4'-Tetra- 

phenylbutadiene Polystyrene 1.0 re | 2.1 ba 
Acridine sulfate Glycerol 0.8 27 34 28 
Quinine sulfate 4 0.9 17 19 iz 

1 ,6-Diphenylhexathriene® Benzene OVis 5.6 8.0 ine 

Aadieene Aeciyets On ai 4.4 16 14.5 
Poryenee 0.26] 5.2 | 20 23 

Anthracene (crystal) 4 -— LO 8 8 (23) 


Notes: IData on fluorescein taken from Ref.10. 
2we are indebted to I.M.Rozman for the polystyrene samples. 
3pata from Ref.11. 
4¢xperimental value of tT corrected for reabsorption. 


—— 
Absorption and luminescence spec- 
tra: a) 1-,1'-,4-,4'-tetraphenyl- 
butadiene in polystyrene, b) ac- 
ridine sulfate in glycerol, 

c) quinine sulfate in glycerol, 
d) anthracene crystal (¢€ - molar 
absorption coefficient). The lu- 
minescence spectra give the ener- 
gy distribution in relative units. 


500 A,mp 


"p,N. Lebedev" Physical Institute 
Academy of Sciences of the USSR 
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KINETICS OF IMPURITY QUENCHING OF FLUORESCENCE IN SOLUTIONS 


- B.Ia.Sveshnikov, V.M.Shirokov, L.A.Kuznetsova & 
P. I, Kudriashov 


Of considerable interest from both the standpoint of theory of fluorescence 
quenching in solutions and the theory of reactions in solutions is the question 
of calculating the number of effective collisions between molecules of the react- 
ing substances. Formerly chemists generally held to the opinion that the number 
of effective collisions is proportional to the total number of collisions between 
the molecules of the dissolved substances, which in the first approximation does 
not depend on the viscosity of the solvent. 

In 1936 one of us! showed that this hypothesis fails to take into account 
certain singularities in the distribution of collisions between the solvent mole- 
cules. Whereas in a gas two molecules taking part in a collision either react or 
"go their separate ways," in liquids two molecules involved in an encounter may 
undergo a series of repeat collisions before parting company. Hence the hypothe- 
sized viscosity independence of the reaction rate is actually observed only in 
the limiting case when the probability of reaction is a single collision is low. 
In contrast, in the other limiting case when the reaction probability W = 1, the 
number of effective collisions equals the number of primary collisions (encoun- 
ters) and determination of this number reduces to solving the diffusion problem, 
which gives a virtually linear dependence of the reaction rate on the viscosity. 
In intermediate cases (0 < W < 1); the rate of reaction will increase more slowly 
than the fluidity.* 

_The first convincing proof of the possibility of applying the methods of 
diffusion theory to calculating the number of effective molecular collisions in 
solutions was actually given by Vavilov*. The quenching equation deduced by Va- 
vilov, however, did not give a rigorous quantitative description of the effect. 
It was predicated on the assumption that the duration and yield of luminescence 
vary in exactly the same way in the process of quenching and that the ratio of 
the luminescence yield Bo of the unquenched solution to the luminescence yield B 
of the quenched solution is a linear function of the quencher concentration and 
the fluidity. The experimentally observed regularities proved to be more compli- 
cated. In order to reconcile theory with experiment, Vavilov & Frank? introduced 
the hypothesis of additional static quenching. Subsequently, detailed analysis 
of the kinetics of the diffusion processes developing about an excited molecule 
enabled one of us® in 1935 to deduce a quenching formula explaining the nonlinear 
dependence of Bo/B on the quencher concentration c without recourse to the static 
quenching concept. It was shown that the reason for the nonlinear dependence of 
Bo/B on c may be deviation of the fluorescence decay law for quenched solutions 
from the exponential. This deviation from the exponential law is due to the fact 
that the number of encounters of an excited molecule with quencher molecules, as 
follows from a rigorous solution of the diffusion equation, is a function of time. 
When this time dependence is taken into account the fluorescence decay law for 
quenched solutions is described by 


N= Nyt +PeVi) , (1) 


ee ee es ee 


*This distinctive feature of the distribution of collisions between solute 
molecules and its importance in the kinetics of molecular reactions in solutions 
were later discussed by Rabinovitch? (1937) and Fowler & Slater? (1938). 
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where n is the number of excited molecules at the instant ¢, n,is the number of 
excited molecules at the instant ¢ = 0,pis the probability of quenching during 
the period of the encounter and 

1 1 


(7 4xpRDe == 2 ie and B = 8x 2 D * Rte. (2) 


In these formulas R is the interaction range (radius of the sphere of action), 
D is the diffusion coefficient, c is the number of quencher molecules per unit vo- 
lume and To is the lifetime of the excited state of the molecules in unquenched 
solutions. 

From (1) we can readily deduce the following formulas for the yield ratio: 


— => “tO, (3) 
where 
ets —1 i tae lnpDR 
5= |! a hae —2 7 bpR 852. [, See naes 
i [1 — ae (V = —\e 2"dz ) and y= 2ph‘e Unebhent, (4) 
0 
and the ratio of fluorescence persistences: 
Bip af 
ol (5) 
where 
ait fama hs: 
Lent? co Yooapeaye (6) 


The calculated values of 8 7' and y7! as functions of y are plotted in Fig.1. 
For the given combination (fluorescing substance + quencher + solvent) y is a 
function only of the quencher concentration. It should be noted that Eq.(5) con- 
tains the quantity T, the duration of fluorescence, given by 


c= | tan’ [an’ , (7) 


where n’ is the number of molecules de-exciting radiatively. 

In the case of a nonexponential decay law T 
does not equal t', the duration or lifetime of 
the excited state of the molecule, given by 


“ie 


o= \ tan | \\an : (8) 


We must note another important consequence of 
the nonexponential decay law for quenched solu- 
tions. In investigating the polarization of fluo- 


0 40 2,0 5Oy rescence of quenched solutions, T in the Levshin- 
Fig.l. Plot of the function- -Perrin formula is usually replaced by T,)(B/Bo). 
al dependence of y=!(1) and When the fluorescence decay law is not exponen- 

é-1 (2) on y. tial this substitution is not permissible. Cal- 
culations? for this (nonexponential) case lead | 
to the formula 

4 4 Hace, |X) kTB 8 
PC o 


where p is the degree of polarization corresponding to the given quencher concen- 
tration, p, is the limiting polarization, i.e., the polarization for infinitely 
high viscosity 7 or as (B/Bo)-»>0 and 6, is equivalent to the expression obtained 
by replacing « is (2) by «+(kTfW-n) (where v is the molecular volume). 

In the case of an exponential decay law 6:1 =6= 1 and (9) becomes the usual 
Levshin-Perrin formula. 
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Direct proof of the validity of the proposed quenching theory is furnished 
by the experimentally observed deviation of the decay of fluorescence of quenched 
solutions from the exponential law, i.e., the observed dependence of the mean per- 
sistence of luminescence on the light modulation frequency in the fluorometer. 

We measured Ts; for a solution of 3-aminophthalimide in glycerol quenched by 
a factor of 6 by potassium iodide, with w, = 8107 sec7! ana ®. = 16-10% sec-l. We 
found that tr] does vary with the frequency and that the variation is in qualita- 
tive agreement predicted by theory. Glycerol was chosen as the solvent because, 
as follows from (1), the deviation of the decay law from the exponential should 
be strongest in a viscous solution. 

For qualitative comparison of the experimental results with the theoretical, 
we calculated Ts;, which for an arbitrary decay law is given by 


oo 


\ n(t)sin wt dt 
thio 
if ern (10) 


n(t) cos wt dt 


Se 39 


The constants « and pS in the expression for the time dependence of n (Eq. 
(1)) were determined from the experimental values of T/To and B/Bo. In these 
calculations we took T equal to T+, measured with w= 8-10’ sec"l. The actual 
value of t is some 3-4% greater than Tf 1, which in the given case is unimportant. 
In view of the impossibility of calculating the integrals in Eq.(10), Tr, was 
evaluated graphically. The theoretical and experimental values of Tf are list- 
ed in Table l. 


Table 1 It will be seen from the table that the dif- 
ference between the values of t+ ] determined 
Values | W, sec |veseh fae from experiment agrees with the theoretical va- 


lue. The indicated experimental values of Tf] 
are averages based on many measurements. We 
evaluate the uncertainty in the experimental 
value of Atf1 as +0.05-1079 sec. 


of Tm 8-10" | 16-40? 


| 
Experi— |3.88-10-9|3.57-10-9|0.31 -10-9 


mental A no less convincing proof of the nonsteady 
Calcu- |3.74-10-13.44-10-*/0.30. 40-8 character of the Brownian motion during the 
lated 


lifetime of molecules in the excited state is 
experimental substantiation of Eq.(5). To this 
end one must compare the changes in yield and the mean duration of fluorescence 
in the case of fluorescence quenching. 

The data obtained by us for the variation of the yield and mean duration of 
fluorescence as a function of the quencher concentration for an aqueous solution 
of fluorescein quenched by KI are shown in Fig.2. From the experimental data on 
Bo/B and To/t we can readily obtain the experimental curve for y and by matching 
it with the corresponding theoretical curve (Fig.1) determine the ratio of y and 
c. Having this ratio, one can readily find the expectation value of B for each 
experimental value of tT. This has been done in Fig.2. The good agreement of the 
calculated and experimental data is proof that the fluorescence decay law is non- 
exponential and that a diffusion mechanism is involved in the quenching process. 

Finally, for experimental verification of Eq.(9), we investigated the varia- 
tion in the degree of fluorescence polarization of aqueous solutions in fluores- 
cein quenched with KI. For each KI concentration, we calculated two values of 
the limiting polarization - one by replacing t by its fluorometric value, the 
other by means of Eq.(9); the results are listed in Table 2. 

It will be obvious from comparison of the values in the last two columns of 
the table that calculations by means of Eq.(9) give better results. 


Fig.2. Variation of the yield B and dura- 
tion t of the fluorescence of an aqueous 
solution of fluorescein as a function of 
the concentration c of the quencher (KI): 
1) experimental value of B, 2) experimen- 
tal values of tT and 3) values of yield and 
duration obtained by calculation using the 
values of y' and 8 from Fig.1. 


Table 2 

Experimental values of the degree of polarization P, the relative yield B/Bo 

and the duration T/Tg of fluorescence in KI quenched solutions of fluorescein 
and the calculated values of the limiting polarization Po 


Crs B i2 Pp. % 5 os Pos Pos 
mole/liter Bo oe a es from (9) | from Tp 
0,15 0,34 0,336 4,54 | 4,34 0,8416 | 39,2 36,3 
0.3 0,192 | 0,24 7,45 | 41,57 0,763 39,2 38,2 
0,6 0,095 0,128 11,43 1,96 0,7370 40,0 40,4 
0,9 0,0518 0,085 15,85 aee25 0,7675 41,5 43,3 
12, 0,0351 0,066 1 ASRS) 2,485 0,7824 41,5 45,8 
1°5 0,0261 | 0,052 | 22.83 | 2°73 0.7828 | 44.5 46-7 
1,8 0,0189 0,041 26,0 2,975 0, 7850 42,9 47,1 


It should be noted that the experimental proofs of the nonexponential charac- 
ter of the fluorescence decay law for quenched solutions aduced above are not on- 
ly evidence in favor of the diffusion theory of fluorescence quenching by impuri- 
ties but are also the first experimental proof of the validity of the Smoluchow- 
ski-Leontovich-Kolmogorov formula® based on the assumption that the rate of dif- 
fusion varies with the time elapsed from the beginning of diffusion (Brownian 
motion). 
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EFFECT OF LIGHT GASES ON THE ELECTRONIC ABSORPTION SPECTRA OF AROMATIC COMPOUNDS 
AND INTERACTION BETWEEN THE MOLECULES 


- B.S.Neporent 


In this paper we shall review investigations of the influence of light gases 
on the absorption of light by aromatic compound vapors, an effect discovered by 
the author!, and consider how this effect is related to the long range interaction 
between aromatic compound molecules?. 

In the investigations of Refs.1-3, we discovered and studied the decrease in 
absorption by aromatic compounds in the vapor state as a result of introduction of 
light gases. The effect is illustrated in Fig.l, taken from Ref.4. It will be 
seen that the absorption by the vapor of the investigated substance decreases as 
helium is added: the higher the intrinsic (partial) vapor pressure of the investi- 
gated substance, the more slowly the absorption decreases with addition of helium 
and the weaker the total effect at the limit. 

It was shown in Ref.1 that addition of a 
heavy gas, for example, pentane, to the sys- 
tem, much as increase of the partial pres- 
sure of the investigated substance, leads to 
diminution of the effect of helium. Increas- 
ing the temperature, on the contrary, inten- 
sifies the effect, i.e., leads to a decrease 
of the limiting residual absorption. It is 
Significant that according to evaluations 
based on our experimental data the aromatic 
compound molecules may remain for an appre- 
ciable time (>10-7-10-© sec) in the low-ab- 
sorption state attained as a result of col- 
lision with helium atoms. 


Fig.1. Influence of helium on the On the basis of analysis of the experi- 
absorption coefficient ¢€ of 3-ace- mental datal,3,4, we suggested the follow- 
tylaminophthalimide vapor. Z - num- ing explanation for the effect. Light gases 
ber of collisions per second of a produce weakening of the absorption in sub- 
vapor molecule with helium atoms. stances that have conjugated bond chains 
The curves correspond to 3-acetyl- (except benzene). Collisions with light gas 
aminophthalimide vapor pressures of particles produced changes in the structure 
2), 0, 325.,..2)..0.086,; 3). 0.036.and of the molecules in the normal state N, 

4) 0.026 mm Hg. changes that are accompanied by disturbance 


of their sx-electrons with the result -that 

the absorption is reduced. The forming perturbed states N' have a higher energy 
than the normal states N and are separated from them by a potential barrier (Fig. 2). 

The specific effect of light gases is connected with 
the possibility of an "impact" collision mechanism by vir- 
tue of which the aromatic compound molecule can undergo a 
structural rearrangement representing an N-—*N' transition 
in which a barrier of height E, is surmounted. Then, if 
a collision occurs between two complex molecules, the 
strong Van de Waals field orients the molecules and faci- 
litates close contact between them, thereby prolonging 
cee oe ee rece PE i a eee 
Fig.2. Change in the energy state of molecules as a re- 
sult of collision with a light gas particle. 
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the encounter during which the inverse transition of the excited molecule from 
state N' to N may take place with a barrier of height Eo being surmounted in the 
process. 

Attempts to detect changes in the structure of the investigated molecules 
incident to their transition from state N to N' from measurements of infrared 
spectra have so far failed to yield positive results, owing to the narrow spec- 
tral interval involved and the obvious experimental difficulties. To clarify 
the mechanism of the effect we undertook an analysis of its kinetics on the ba- 
sis of the assumption that there occur the following reactions: 


hy ~3 

N+A—-N'+A,  k,=s,e OA, 
he — 

N’+A—-N-+A, ko=soe "T ay, 


ky 
N’+N—N +N, ges RT 
elt Be 
N’+N'-N’'+N, 


k 
N'4+M SN+M, ky = se BT oy. 


Here N and N' denote the molecule under study in the normal and perturbed 
state, respectively, A is a particle of the light extraneous gase, M is a par- 
ticle of the heavy extraneous gas, the 4; are reaction rate constants, the s; 
are probability factors and «; are conversion coefficients relating the concen- 
trations with the numbers of collisions. For the simple case, when no heavy gas 
is present (the general case has been treated in Ref.5), we deduced the follow- 
ing expression 


ik ina ee iad are 
cil a Ve a as 


where « is the absorption coefficient in the vapor in the absence of the extra- 
neous light gas, ¢, is the absorption coefficient present at a concentration Ca, 
Cy is the concentration of the molecules under study and y is a factor associated 
with the ratio of the absorption coefficients for molecules in the states N and 
N' and also (and this is important) comprising a factor y that takes into account 
the shielding effect of the compound molecules on each other; this shielding re- 
duces the influence of the light gas. An expression similar to (1) was proposed 
earlier! as an empirical formula. It is generally supported by experiment, which 
makes it possible to calculate the energy E, - Eg of the perturbed state and to 
evaluate the ratios s,/s, and _ s,/s,. In view of what has been said above, the mag 
nitude of s, depends on the temperature, inasmuch as the effective collision time 
must obviously decrease with decreasing temperature. 

Calculations for 3-aminophthalimide and 1,4-diphenylbutadiene led to values 
of Ej - Eg equal to 3.8 and 5.4 kilocal/mole, values of s,/s; equal to 0.036 and 
0.0025 and values of s,/s, varying, respectively, from 0.32 to 1.80 and from 0.24 
to 0.18 with variations in temperature from about T = 570° to T = 470°. These 
values were obtained on the assumption (for the ratios) that y = 1 and for Ej - E 
only on the assumption that y(T) = const. 

It was shown in Ref.5 that this assumption has a certain basis but that it 
can be made only in the case of experiments at sufficiently low concentrations of 
the investigated molecules (Cy < Co), inasmuch as experiment, in contradiction to 
Eq.(1), shows that beginning with a certain critical concentration Co, the limit 
towards which the absorption attenuation curves tend begins to increase and that 
no increase in concentration Ca of the light gas (helium) can lead to the degree 
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of attenuation that is observed when Cy< Co. It follows that above the concen- 
tration Co all the molecules of the substance under study cannot be regarded as 
independent: part of them (the greater, the higher Cy) at any given instant are 
in a state of interaction with each other, mutually shielding themselves against 
the influence of the light gas. The above mentioned coefficient yn takes into ac- 
count these interactions. For the investigated substances the concentration Cy 
does not exceed 2-1015 molecules per cm3, whence it follows that the molecular 
interaction in question has a very long range. 

It must be noted that in an independent investigation carried out by the 
writer in collaboration with Klochkov2 on vapors of the same substances, there 
were established small changes in the absorption spectra beginning at approxi- 
mately the same critical concentrations Co that were found in the experiments 
with heliun. 

On the basis of all the experimental data it may be inferred that, as sug- 
gested in Ref.6, the interactions under consideration are associated with dis- 
placement or other changes of the x-electron clouds of the molecules. Investi- 
gation of the effect by observation of changes in spectra is extremely difficult 
and in this connection the results of analysis of the influence of light gases 
on the absorption of vapors are particularly important, for by introducing the 
coefficient n we can qualitatively investigate N—N interactions between mole- 
cules. One can with a certain degree of plausibility assume that these interac- 
tions, just as interactions leading to energy transfer between excited and unex- 
cited molecules, can be described as dipole-dipole interactions and that one can 
apply to them the theory developed some time ago by Vavilov’ and more recently by 
Galanin’. It may also be assumed that under certain conditions (since we are 
dealing with systems that are more nearly alike than normal and excited molecules) , 
the interactions in question will be stronger than those treated by Vavilov and 
Galanin. 

The described investigations may help reveal an as yet unknown mechanism of 
intermolecular N—N interactions as well as a shielding mechanism protecting the 
complex molecules against interactions with light gas atoms: N + A~>N' + A. We 
are continuing our research in the indicated direction. Analysis of the interac- 
tions in question should also make it possible to obtain new information on cer- 
tain important intramolecular processes inasmuch as experiment shows that the 
shielding N—N interactions differ substantially for molecules belonging to dif- 
ferent spectral groups. §& 
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SPECTROSCOPIC INVESTIGATION OF THE INTER- AND INTRAMOLECULAR INTERACT ION 
OF NITRO AND AMINO RADICALS IN SOME BENZENE DERIVATIVES 


- V.I.Danilova, V.D.Gol'tsev & N.A.Prilezhaeva 


The presence of atomic groups of opposite polarity in two different mole- 
cules leads, under appropriate conditions, to the formation of complexes held 
together by electrostatic forces. Spectroscopic studies in such cases may re- 
veal displacement of the usual absorption bands or even the appearance of new 
bands. When such opposite polarity radicals are present in one and the same mo- 
lecule, the interaction between them varies, depending on their relative posi- 
tion (ortho-, meta- or para-) and the spectra change accordingly. 

We undertook a comparative investigation of the interaction of amino and 
nitro groups in the case when they enter into the composition of two different 
molecules (specifically, aniline and nitrobenzene) and in the case when they form 
part of one and the same molecule (specifically, nitroanilines). Hence our spec- 
troscopic studies consisted of two parts: investigation of the aniline-nitroben- 
zene system and investigation of nitroanilines. 

The intense absorption developing in the visible region of the spectrum when 
solutions of aniline and nitrobenzene are mixed is considered by some authors to 
be a result of formation of 1 to 1 complexes. A number of other authors, on the 
other hand, on the basis of physical-chemical and spectroscopic studies, deny the 
existence of such complexes. It would appear therefore that the concentration of 
complexes at ordinary temperatures must be very low, i.e., presumably below the 
threshold of sensitivity of the procedures employed. 

We investigated the aniline-nitrobenzene system by different spectroscopic 
techniques in the visible and ultraviolet regions. [In the ultraviolet region, 
we studied the absorption spectra of solutions of aniline and nitrobenzene in 
hexane, mixtures of these solutions and liquid films of aniline, nitrobenzene 
and mixtures thereof. We found that interaction of aniline with nitrobenzene 
leads to no noticeable changes in the spectrum in the 2200-3000 A range. In the 
visible region, interaction of aniline with nitrobenzene leads to a sharp in- 
crease in absorption. We investigated this absorption by the procedure of vary- 
ing the concentration of one of the components. 

Analysis of the experimental data showed that with increasing concentration 
of the "second" component, in addition to the noted increase in absorption in the 
visible region, there occurs a shift of the absorption limit of the solutions 
from the short wavelength to the long wavelength part of the spectrum, which also 
results in an apparent increase in absorption. By means of a procedure which we 
cannot describe here, we succeeded in separating these two effect and finding the 
dependence of the quantity n, characterizing the increase in intensity of absorp- 
tion, on the concentration of the second component. 

In all plots characterizing this dependence there is a clear break in the 
curve at an aniline to benzene concentration ratio of 1 to 1, indicating the for- 
mation of complex compounds of aniline with nitrobenzene in the proportions of 
ave ; 

The curves for two series of solutions are shown in Fig.1. Curve 1 pertains 
to measurements in the 4700 to 6300 A region of the spectrum; curve 2 to the 3600 
to 4800 A region. 

We also investigated greatly diluted solutions of aniline and nitrobenzene; 
the purpose of the dilution was to minimize the influence of the absorption limit 
shift on the measurements. We measured the optical density of the solutions in 
the range from 3100 to 4000 A. 


O tf 1:2 03 14 10:5 
Nitrobenzene: aniline 


Fig.2. Variation of the optical 
density D of solutions of aniline 
1 2:1 Rf with nitrobenzene in benzene with 
eeneeds ant tine the aniline concentration (nitro- 
benzene concentration constant). 


Fig.1. Variation of the increase in absorp- 
tion of aniline with nitrobenzene with the 


nitrobenzene concentration (aniline concen- The variation of optical densi- 
tration constant): 1) 4700 to 6300 A, sity with composition at = 3400 
2) 3600 to 4800 A (appreciable absorption A is shown in Fig.2. Here, too, 
in nitrobenzene). n = increase in intensity there is clearly evident a break 
of absorption. The calculations were car- in the curve at a concentration 
ried out over the entire absorption curves ratio of 1:1, which substantiates 
in the indicated wavelength interval. the above inference regarding the 
formation of complexes with this 
composition. 


To determine the characteristics of the complex compounds formed in the so- 
lution, we made use of the procedures described by Hammick & Wardley? based on 
there being a linear dependence between D/}” and D, where D is the optical den- 
sity of the solution under study, dis the concentration of one of the components 
and m is a number indicating how many molecules of one of the components link up 
with the molecules of the other component in forming a complex. This procedure 
is applicable in cases when only one type of complex compound forms in the solu- 
tion. The D-dependences of D/ b”™ were found to be linear for all wavelengths in 
the range from 4100 to 4700 A with m= 1. This indicates that there are formed 
primarily 1:1 complexes in the solution and that if there do form complexes hav- 
ing a different composition their concentration is negligibly low. From the 
slope of the straight line plot one can calculate the equilibrium constant K and 

the absorption coefficient ¢€ of the complex. 


Table 1 These data for different wavelengths are listed 
Values of the equilibrium con- in Table l. 
stant K and absorption coeffi- We also measured the temperature dependence 
cient € of the complex for dif- of the optical density of solutions of a mix- 
ferent wavelengths ture of aniline with nitrobenzene in the 1:1 


ratio; we took appropriate measures to prevent 


5 nek “ “ : “s 
nak K,liter mole71|& liter mole oxidation of the aniline by atmospheric oxygen 


cm during heating and took into account the ther- 
4200 0,04 170 mal expansion of the liquid. 
4300 0,02 290 The temperature was varied from room tempera- 
py or a ture to 140°; the densities were measured in the 
4600 0,02 80 range from 4300 to 6400 A. In all cases, we ob- 


served a reversible decrease of the optical den- 
sity with increasing temperature, which can be 
explained by thermal dissociation of the com- 
plexes. 
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Fig.3 shows a plot of the temperature dependence of the optical density for 
»% = 5300 A (without taking thermal expansion into account). From the observed 
temperature dependence of the optical density, we evaluated the binding energy 
of the complexes by means of the formula?: 


TiT2 In Ke 


OE ae jeg: 


where U is the binding energy and Kj and Kg are the equilibrium constants corres- 
ponding to the temperatures Tj and Tg. The calculated values of U for different 
wavelengths are listed in Table 2. 


D 
Table 2 0,40 
Complex binding energy U for 038 
different wavelengths ; 
MCA U, Kceal/mole 034 
{ y 
0,30 


Ganahlnd 6bgum kegs 


Fig.3. Variation of the optical 
density D of solutions of aniline 
and nitrobenzene (1:1) with the 
temperature (not corrected for 
thermal expansion. 


The absorption spectra of nitroaniline molecules in solution have been in- 
vestigated by a number of authors.4 The absorption spectrum of the orthoisomer 
in the vapor state has been investigated only qualitatively.° In the present 
work, we carried out a quantitative investigation of the absorption for all three 
isomers in the vapor state and in solutions in CCl4, dioxane, Hj90 and aqueous so- 
lutions of HCl. 

In the region from 2000 to 4000 A ortho- and metanitroaniline both in the 
vapor form and in solutions have three absorption maxima, while paranitroaniline 
has only two. The wavelength position of the first, long wavelength maximum va- 
ries greatly, depending on the isomer and the solvent. The other maxima undergo 
relatively little change. The positions of the long wavelength absorption maxi- 
mum for all three isomers in the vapor state and in solution are listed in Tabl.3 


Table 3 
Long wavelength absorption peak of nitroanilines (),A) 


Solution 


Substance Vapor} in in | in ain} an in sae 
j water 
hexane CCl, | oxane | CHg0H | H20 solution 


Orthonitroaniline | 3600 3800 3760 4010 4040 3970 2690 
Metanitroaniline 3250 3500 3450 3690 3750 3630 2620 
Paranitroaniline 2875 3200 3360 3525 3740 3750 2610 
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Conclusions 


1. Our experiments show that there form 1:1 complexes in the aniline-nitro- 
benzene system. The bond strength of these complexes is ~0.6 Kcal/mole. 

2. As a result of complex formation, the absorption peak of nitrobenzene is 
shifted from 3550 to 4300 A. It can be shown that this shift is due to the fact 
that the intermolecular binding increases sharply incident to excitation of the 
nitrobenzene molecules. ® 

3. The intramolecular binding between the NHg and NOg radicals in nitroani- 
line molecules increases in going from the para- to the meta- and to the ortho- 
isomers; at the same time the absorption maximum is shifted increasingly to the 
side of the longer wavelengths. 

4. The shift of the absorption peak of the nitroaniline isomers, like the 
shift in the aniline-nitrobenzene system, is due to enhanced interaction incident 
to excitation of the molecules. 

5. On the basis of all experimental data, it may be inferred that the nature 
of the intermolecular and intramolecular interactions between the NHg and NO» 
groups is the same. 


Siberian Physical-Technical Institute 
at Tomsk State University 
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DEPENDENCE OF THE SPECTRA OF AROMATIC NITRO COMPOUNDS ON 
THE ANGLE OF ROTATION OF THE NITRO GROUP ABOUT THE C-N BOND 


- P.P.Shorygin & Z.F.I1'icheva 


The indications of conjugation of 7i-bonds in molecules of organ- 
ic compounds depend on the angle of rotation of one of the 7-bonds 
relative to the other and are more strongly evinced when the two 
bonds are located in the same plane. Thus in nonsubstituted nitro- 
benzene, which has a plane structure, the dipole moment is appreci- 
ably stronger, the nitro group frequency lower and the intensity of 
the corresponding Raman line much higher than in aliphatic nitro 
compounds. | 

The introduction of a substituent in the ortho position into the 
nitrobenzene molecule disturbs the complanarity of the "benzene ring- 
nitro group" system and weakens the indications of conjugation. Ob- 
viously, the plane in which the nitro group is located may be rotat- 
ed about the C—-N bond relative to the plane of the benzene ring 
through some angle 6, which in principle may be as great as 90°. At 
the same time there may occur small changes in some of the valence 
angles and interatomic distances. 

The quantitative correlations between the indications of conju- 
gation and the angle 9 have virtually not been studied. Yet such 
investigation is important for clarifying the nature of the mutual 
effect of different atomic groups in complex molecules. Different 
forms of mutual influence should depend in different ways on the 
angle 8; the manifestation of the inductive effect, however, should 
depend but little on this angle. 

In the present work we investigated 
the ultraviolet absorption spectra, the 
Raman spectra and the dipole moments of 
ortho derivatives of nitrobenzene, in- 


O 

cluding those of the < >—N< type, with 

my O 
different substituents X. We deliber- 
ately chose substituents with minimum 
ability to influence the nitro group 
through the benzene ring; one can judge 
of the extent of this influence indi- 
rectly from the data on nitriles (and 


Onx—< _>_Nno, type molecules!). Indica- 
2500 3000 A tions of conjugation of the C==N and 
NO2 groups with the benzene ring are 
Fig.1. Absorption spectra rather similar; however, the CN group, 
of compounds of the which has a linear configuration, is 
Dare little subject to the influence of ste- 
x-<__ Son” type (solvent- ric factors. 
‘xo The following data are listed in 
heptane): the accompanying table for each of the 
ee at 0S investigated compounds: 
joke Bee a ae 1) The different (4w) between the 


frequency of the valence symmetric vi- 
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Compound ©NOz, | *@: |NOo| UV spectra : in: | £2500 A 7 
cm-2 | em72 | * be ene i : 
CH, -CH»-CH2-NOz +36] 40 = ee eee 8 | ee 
a NO: 1347 0 | 700] 2850(4,5); 2520(9,6) | 9600} 4,00] 0 | 0° 
~ 
cl—< NO; 0 1300 2670(41) — | 2,56 |-+0,15] 0° 
e YNO» +6 | 600 3080(2,5); 2480(3,5) | 3500 | 4,83 |—0,3 |30° 
Nome 

% TNO: +4 | 500| 2860(1,6); 250016) | 6000} 3,68 |—0,2 |30° 
Aye 

Joa) SN 19| 170 1400 

< PONOe ate No maxima Ms eg 
CMeg 

. S—NO2 +1 700]  2900(1,6); 2450(7) | 6600] — | — |g35° 
fl 

4 ee NO; +7 | 300} 2880(1,2); 2450(4); | 3800 | 4,36+/—0,6 |60° 
cl 

< 98 >=no, ~+7 | — | 2950(1,3); 2450 (4) | 3600] 4,20 |—0,7 |65° 
Nr 

é Dano: ~+3 | — | 3050(1,8); 2300(11,3)| 4200 | 3,90 |—0,8 |70° 
“ 
we? 

Me—C S—NOs +47} 250|) 1900 | 3,66 |—0,4 45° 

———— 4 
\Me 
eG 
e DaNO2 +418} 50 500 |~5,0* |~0,5} -— 
Nel 
eh No maxima 
cl-< Y=NOs 414, 50/{ (see Fig.1) | 1300] 3,22+|-0,7 |zoc«* 
Nel 
as / Be 
Bretee. SENO, ~+9} 50 3500 | .3,474+/—0,7 |. — 
IR: 
Br | 
OCN Icon 
< _ S—C=N| 2230} 0 | 330] 2720¢0,8); 2230013) | — | 4,0 0 
4 c Cc | 
gis Scan +2 | 360] 2700(0,8); 2310715) | — | 2.5 |+0,4 
Ch | 

cl—< S—C=N +4 | 420] 2950(1,4); 2450114) | — | 3,75*/—0,15 
‘\ vA 
ST ROG | | | 
BS 0 CEN | —4 | 650] 2890(3,9); 2300(8,2) | — | — | — 

\oMe 


*The value of U for dichloronitrobenzene is unreliable (data of different authors 
differ greatly). 5 

**According to the x-ray diffraction data of Zhdanov & Gol'der 8 = 64° in 3, 5-dichloro- 
—4-nitroaniline. 
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brations of the nitro group of the investigated substance and the 
corresponding frequency of nitrobenzene (in benzene solutions); for 
nitriles, we give the corresponding data for the C==N frequencies. 
In the case of oyo, doublets we took the intermediate frequency va- 
lue (identified by *~”"), 

2) The coefficient of the integral intensity Iyo, of the nitro 
group line (and, accordingly, Icn for the nitrile group) in the Ra- 
man spectra of benzene solutions.* The unit intensity is 0.01 the 
intensity of the CCl4 313 cm-l line reduced to 1 mole; accuracy of 
intensity evaluations +20%; excitation by the Hg 4358 A line. 

3) The wavelength of the absorption band maxima (in A);* fol- 
lowing these in parentheses are the values of €/1000, where € is 
the molar (decimal) coefficient of absorption at the band peak. In 
addition, we give the values of € in the 2500 A region (€& 9599) - 

4) The dipole moment uw in benzene in Debye units. The values 
followed by + were obtained by us; the other data are taken from 
the literature. 

5) The difference Au between the experimental data and the cal- 
culated values of » for complex molecules computed by the method of 
vector addition of moments of the corresponding monoderivative of 
benzene (for the computations we assumed » = 1.58 for PhCl and p» = 
= 1.53 for PhBr). 

6) The angle 98 calculated on the assumption that the distance 
between the O atom of the nitro group and the atom of the ortho sub- 
stituent is close to the sum of the Van der Waals radii of these two 
atoms. For o-nitrotoluene we assumed that the O---H distances to . 
the two H atoms of the methyl group are identical and equal to 2.5A 
(If we assume CH3 to be a sphere of radius 2 A, we obtain ® = 85 A; 
this value is in poorer agreement with the spectroscopic data which 
favor the assumed configuration with the absence of rotation of the 
CH3 about the C—C bond.) 

In calculating 9 and Au we took into account a probable 1-5° in- 
crease of the angles between the C—N and C—-X bonds, changes in the 
O-N-O and C-N-O angles (on the basis of the data on elasticity coef- 
ficients) and alterations in the length of the C—N bond in the 
range from 1.36 to 1.46 A, bearing in mind the data of Zhdanov & 
Gol'der2 for some nitro compounds. In view of the rough evaluation 
of the corrections allowing for the different factors (including 
those considered below) that affect the value of 9, the calculated 
data listed in the table must be regarded as only approximate. 

The molecular model in which the atoms are represented by conti- 
guous rigid spheres gives equal values of 98 for molecules of the 


AE 


cole wee 
<> — No, and the <_>~ no, types. Actually, however, the indica- 


s. S 


tions of conjugation are weakened to an appreciably greater extent 
in the latter case. 


*The measurement technique is described in Ref.l. 
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Evaluations taking into account the actual variation of the for- 
ces of repulsion as a function of the distance between continuous 
atoms, using the Lenard-Jones potential, and changes in the C-C-X, 
C-C-N and O-N-O angles indicate that upon the introduction of a se- 
cond ortho substituent, the angle 9 may increase appreciably. One 
can think of the potential energy U of the molecule as the sum of 
the plane model energy Up, in the absence of repulsion and the ener- 
gy expended.on overcoming the repulsive forces (U,,,), on deforma- 
tion of the angles (Ugef) and on rotation of the nitro group through 
the angle © relative to the benzene ring (Ug); thus 

U = Urep + Udef + Uo 
(according to Samoilov & Diatkina Ug = f(®) is a cosine function?) . 

The tabular data shows that a CH3 group weakens the indications 
of conjugation of nitro groups with the benzene ring to a lesser ex- 
tent than a Cl atom. The inverse situation obtains in the case of 
ortho derivatives of dimethylanaline. This is connected with geome- 
tric factors which determine the possibility of close approach of 
branched groups.* Moreover, as calculations show, the Coulomb in- 
teraction of some excess charges of contiguous atoms of polar NO9 
and X (or CH3 and X) groups may increase or decrease 8 by 1 to 100 
Gepending on the polarity of the charges). Offhand, one might ex- 
pect that in the series of ortho derivatives of nitrobenzene with 
X = F, Cl, Br and I the characteristic NO9g frequency will increase, 
while the absorption in the 2500 A region (the wavelength of the in- 
tense absorption band in nonsubstituted benzene) will be attenuated. 
Actually this is observed only for the first members of the series. 
In going from chlorine to bromine to iodine derivatives yo, actual- 
ly decreases and the absorption in the 2500 A region is intensified. 

This shows that one cannot indiscriminately utilize the frequen- 
cy of the nitro group for judging of deviations from complanarity. 
It is entirely possible that increase of the mass of the substituent 
X tends to lower owyo,; it is also possible that the force field of X 
may exert a direct influence on wyo,- Nevertheless, it is a fact 
that as a result of introduction of two chlorine SeXy comes 
closer to the frequency of nitropropane (1383 cm-!) than to the fre- 
quency of nonsubstituted nitrobenzene (1347 cm-l). At the same time 
in similar benzo-nitrile derivatives the frequency increases slight- 
ay. 

In bromine and iodine derivatives the "benzene ring-halogen" 
System begins to predominate in the absorption spectra. lIodobenzene 
has an intense band in the region of 2300 A, i.e., closer to 2500 A 
than the other halogen-benzenes; the absorption spectrum of o-iodo- 
nitrobenzene is virtually identical with that of iodobenzene. 


*The closest approach of methyl groups is attained with the ar- 


UO 
rangement q-¢ %—uj; the maximum approach of CH3 and Cl with the 
cee HO 
H 
arrangement u— Sead in the latter case the formally calculated "ra- 


dii" are substantially smaller. 
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The difficulties in interpreting the absorption spectra (parti- 
ally connected with the direct influence of ortho substituents on 
the benzene ring and on the absorption spectrum) cannot be reduced 
by introducing an NHg (or Similar) group in the para-position in the 
nitrobenzene molecule. Para-nitroanaline has a closer and more 
sharply pronounced absorption band, from the changes in which one 
can more readily determine the effect of ortho substituents; upon 
the introduction of two Cl atoms this band almost disappears and the 
spectrum becomes nearly identical with that of nonsubstituted ana- 
line (Fig.2). It may be inferred that here interaction with the ni- 
tro group is almost entirely suppressed. 

Knowing the variation of A and 
the energy of the molecule in the 
ground state as a function of the 
angle 6, one can determine the 9 
dependence of the energy of the ex- 
cited molecule. Inasmuch as A is 
virtually independent of 90, it may 
be assumed that the fraction of 
double C-N bonds in excited mole- 
cules is negligible. 

Interpretation of the dipole 
moments is hindered by the lack of 
precise information on the C-C-Hal 
and other angles. According to 


2500 3000 3500 AA Zhdanov & Gol'der2, in 3,5-dichloro- 
-4-nitroanaline (and also in 2,4, 
Fig.2. Absorption spectra in 6-trichlorobenzonitrile) the C-C- 
heptane. The dash-dot curve is Hal angles equal ~123° and the 
plotted by analogy with the O-N-O angle equals ~110°; there are 
spectra of similar compounds. no data available for the other 


compounds in question and we were 
forced to make rough approximations (thus for 
tribromonitrobenzene, we took the C-C-Br angle 
to be 125°). In any case the table shows that 
the dipole moment anomalies observed in the plane 
nitrobenzene molecule upon introduction of methyl 
groups into both ortho positions are appreciably 
reduced and upon introduction of chlorine or bro- 
mine atoms become altogether insignificant. 
With increase in the volume of the substitu- 
ent X, the intensity of the nitro group line in 
0 cone the Raman spectrum falls off sharply and finally 
approaches the value characteristic for molecules 
Fig.3. Variation without conjugated bonds. The probable character 
of the intensity of I = f(6) is shown in Fig.3. A curve of simi- 
I of the nitro lar shape is obtained for Au = f(8). 
group line in the It must be noted that use of all the molecu- 
Raman spectra as lar parameters considered above for purposes of 
a function of the interpretation is subject to severe limitations. 
angle 0. It may, however, be asserted that introduction 
of two Cl atoms into the ortho positions with 
6 = 60-709 leads to almost complete suppression of the observable 
indications of conjugation (this applies to a lesser extent to no,). 
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Our data show that the inductive effect does not exert any great 
influence on the properties of nitro compounds. Inasmuch as the 
nitro group is a highly polar one, it may be inferred that the in- 
fluence of the inductive effect will be even weaker in the case of 
other types of compounds. 


"L.Ila.Karpov" Physical-Chemical Institute 
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INVESTIGATION OF VIBRATIONAL SPECTRA IN THE REGION OF THE 
VALENCE VIBRATIONS OF CH 


- M.M.Sushchinskii 


In the present report we give the results of experimental and 
theoretical investigations of the Raman and infrared spectra of 
some hydrocarbons in the region of the CH valence vibrations. Ex- 
perimental study of this spectral region is fraught with great dif- 
ficulties inasmuch as it comprises a large number of close and par- 
tially overlapping lines. Hence the Raman spectra were investigated 
using high dispersion instruments. Furthermore, we made extensive 
use of the technique of measurements in polarized light, which makes 
it possible to distinguish between lines having different polariza- 
tions. 

Photographic recording allows of separating out depolarized 
lines. Using photoelectric recording with modulation of the light 
beam by means of polaroids, it proved possible to separate out the 
polarized lines (this new polarization technique will be described 
in a separate article). The appearance of the Raman spectrum of one 
of the investigated hydrocarbons is shown in Fig.l. In calculating 
the frequencies we used the usual procedurel, appropriately modified 
for programming on an electronic computer2. 

In investigating spectra of the type in question we are immedia- 
tely faced with the problem of assigning the observed lines to vari- 
ous groups. Unfortunately, one cannot solve this problem purely 
theoretically through calculation of the frequencies: owing to the 
fact that there are many close lines (frequencies) the accuracy of 
calculation proves to be inadequate for reliable assignments; more- 
over, the number of lines actually observed usually exceeds the num- 
ber of lines predicted by theory. In view of this for interpreting 
the observed spectra one must have recourse to comparison of all the 
line parameters in the spectra of a series of related compounds. By 
means of this procedure one can generally make fairly reliable stapes 
assignments of the lines observed in the given spectral region. 94 
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Fig.l. Raman spectrum of 
n-hexane in the region of 
valence vibrations of CH: 
a) natural light, b) po- 
larized component, c) de- 
polarized component. 
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We turn first to the spectra of regular 
alkanes. In the spectra of this class of 
hydrocarbons there are four rather sharp 
strongly polarized lines having frequencies 
of about 2850, 2875, 2920 and 2938 cm-l, a 
somewhat wider depolarized line with a fre- 
quency of 2965 cm-! and a very broad line 
(better termed a band) at 2908 cm-! (Fig.)). 
Comparison of the spectra of different 7- 
-paraffins shows?»4 that the frequencies of 
these lines are strictly characteristic, 
that the depolarization factors also change 
very little and that the normalized (per 
gram-molecule) intensities behave in diffe- 
rent ways with lengthening of the chain. 
For three of the lines (2850, 2920 & 2908 
cm-l) the intensities increase appreciably 
with increase in the number of CH2 groups 
in the molecule, while for the other three 
lines the increase is appreciably smaller 
(Fig.2) and may be explained as the result 
of partial overlapping of the lines. 

Of particular interest among the iso- 
paraffins are those which contain only CH3 
groups: tetramethylmethane and hexa- 
methylethane. The spectra of these 
alkanes comprise a depolarized line 
at ~2965 cm-1, analogous to the line 
of the same frequency in the spectra 
of n-paraffins, a strongly polarized 
2909 cm-1 (the most intense line in 
the spectrum) and a number of com- 
paratively weak polarized lines in 
the region from 2870 to 2890 cm-l. 
No lines in the 2920 to 2940 cm-1 
region similar to those of n-paraf- 

0 fins are observed. 
ACH, The noted features in the paraf- 
fin spectra cannot be explained on 


Fig.2. Variation of the line intensi- the basis of calculations in the ap- 
ties I with the number of CH2 groups proximation used hitherto. The re- 
in n-paraffin molecules; a - polar- sults of calculations carried out by 


ized lines 1)» = 2850 cml, 


2) 2875 us for several paraffins by means of 
em-1, 3) 2920 emul, 4) 2938 cm-l; 


the rigorous method described in Ref. 


b - depolarized lines; 1) 2908 em™!, 92 are listed in Table 1. As may be 


2) 2965 em=1, 


seen, the calculations always yield 
one and the same value of 2899 cm-l 


for the symmetrical line of the CH3 group. The calculations also 
give very close values for the nonsymmetrical lines. Thus the cal- 
culations can explain the presence of only two lines associated with 
the CH3 group in the spectra and moreover indicate a rigorously con- 
stant characteristic frequency for these lines. From the standpoint 
of internal symmetry of the CH3 group ( C;, symmetry) there should 
also be observed only two lines in the spectra, namely, a symmetri- 
cal and a degenerate line. It would seem natural to interpret the 
2870 cm-l line in the spectra of -paraffins as the symmetrical one 
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and the 2965 cm-! line as the degenerate line associated with the 
CH3 group. This interpretation, however, encounters certain dif- 
ficulties. 

1. One must find some explanation for the "extra" lines, the 
presence of which does not follow from our calculations or from the 
internal symmetry of the CH3 group. 

2. The most intense polarized line in the spectra of tetrameth- 
ylmethane and hexamethylethane has a frequency of 2909 cm-l. It 
would seem that this should be identified as the fully symmetrical 
CH3z line. However, the observed shift of the symmetrical frequency 
from 2870 cm-1 to 2909 cm-l in going from n-paraffins to tetrame- 
thylmethane is in conflict with the results of our calculations. 

3. The splitting of the fully symmetrical frequency into 2-3 
lines is also in conflict with the calculations. 

In our opinion, it is reasonable to assume that these difficul- 
ties stem from the inadequacies of theory. In all theoretical cal- 
culations made until now (including our calculations, the results 
of which are listed in Table 1), account is taken of the dynamic in- 
teraction of only the H atoms comprised in one and the same group, 
while the dynamic interaction of the CH2 and CH3 groups with each 
other is not allowed for. Yet there undoubtedly is some coupling 
between the H atoms of one group and those of the other groups 
(particularly the neighboring groups) and these are precisely the 
interactions that may serve to explain the varying stability of ro- 
tational isomers. These interactions can be taken into account in 


Table l 
Calculated frequencies of the valence MAGE She of 
the CH group in paraffins (y,cm-1) 


/ Symmetry |. 


| etic ess alee 
Substance ; type Hy sym— | Cig sym— | C1o non— C13 no ae 
metrical metrical er etcieineaemssrical joSyuMsls MSyMMebs|y att. F symmet. symmet. 
a A 2927 2899 2976 — 
Scent By 2968 2981 ed 
Bu 2928 2809 2976 — 
Au _ 2973 2989 — 
n-pentane Aj 2926 2899 ~— 2976 _ 
2930 
Bg = 2970 2985 
Bi 2928 2809 _ 2976 — 
As -- 2966 2999 — 
2978 
tetramethyl— Ai o-! 2899 — aN he 
methane E oad = — 201 —_ 
Fy eee es = 2975 _ 
9 — 2899 _ 2977 es 
| 
Ag ~- 2899 _ 2977 2950 
25 pene thyl— 2979 
tane Bg — 2899 _ 2975 nee 
¥ 2976 
Bu —_ 2899 — 2977 2957 
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the framework of the usual computation scheme. To this end one nee 
only assign appropriate nonzero values to the dynamic interaction 
coefficients of the vibrational coordinates q of neighboring H atoms 
The interaction scheme is illustrated in Fig.3 and the values of the 
corresponding interaction coefficients are listed in Table 2. 


Table 2 
Coefficients of dynamic inter- 
action of the vibrational co- 


ordinates 
|Distance Interaction 
20 pa Plog aie coefficient 
, SUS len 
ordinates acting |Desig— Numeri- 
H atoms, |nation | cal 
, A value 
13 92 1,78 oo — 4 0,05 
93; 95 2,49 xy 0,05 
4 < vy, : : 
aa oe a i: Fig.5. Interaction of hydrogen 
ae ae 3°08 te 0.04 atoms belonging to neighboring 
M1: Is 4,29 v5 0,00 roups 
ees 3.74 ts 0:00 SR In es 


It is significant that taking into account the interaction of 
close CH groups leads in a number of cases to correction of the di- 
agonal coefficients of the dynamic interaction matrix. The magni- 
tude of the corrections depends on the symmetry of the molecules 
and the symmetry type of the vibration in question. Consequently, 
taking the coefficients into account leads to displacement and 
splitting of the CH valence vibration frequencies. Thus we obtain 
an explanation of the experimentally observed behavior of the lines, 
i.e., the shift and splitting of some of the lines associated with 
the given group in going from one molecule to another or incident 
to changes in the position of the group in the same molecule. 

In calculating the coefficients z, we used the available data 
for tetramethylmethane; the results are listed in Table.2. 

Our calculations show that in the case of n-paraffins the inter: 
action of H atoms belonging to different groups leads to an appre- 
ciable change in the frequency of the valence vibrations of only tw 
CH2 groups, which are located at the center of the molecule with an 
even number of carbon atoms or adjacent to the central carbon atom 
with an odd number of carbon atoms in the molecule. These two "cen: 
tral" CHo groups should give rise to a distinctive set of frequen- 
cies in the spectra of n-paraffins, frequencies differing from thos 
associated with other CHa groups. The corrections in the two cases 
proved to be of the same magnitude. 

On the basis of our analysis, we propose the following assign- 
ments for the lines observed in the region of CH valence vibrations 
in the spectra of n-paraffins. The 2875 and 2965 cm-l lines, the 
intensities of which virtually do not change with increasing length 
of the chain, should be attributed to vibrations of the CH3 group; 
the strongly polarized 2875 em-! line corresponds to the symmetri- 
cal vibrations, while the depolarized 2965 em-1 line corresponds to 
degenerate vibrations of this group. The 2938 cm-l line, the inten- 
sity of which changes very little with increasing number of CHg9 
groups in the molecule, may be identified with the symmetrical vi- 


~ 1OG5 = p 


brations of the "central" CHa groups. Inasmuch as the number of 
such groups is always the same, namely, two, the intensity of this 
line does not depend on the length of the chain. According to our 
calculations, this line should be shifted approximately 20 cm-1 re- 
lative to the corresponding line of ordinary (noncentral) CH9 groups, 
i.e., should be observed at ~2920 cm-l. In this region in the spec- 
tra of »-paraffins there actually is a strongly polarized line which 
partially overlaps the broad depolarized line of 2908 cm-! frequen- 
cy; the intensities of these lines increase with the number of CH9 
groups in the molecule. The depolarized 2908 cm-l line may logical- 
ly be associated with antisymmetrical vibrations of the CHg group. 
The polarized 2850 cm-l line may be interpreted as an intensified 
(by virtue of Fermi resonance) overtone of the 1450 cm-1 frequency, 
associated with a-type deformation vibrations of the CHg group. 

Our analysis of the Raman spectra in the region of the CH val- 
ence vibrations shows that in this region additivity obtains in the 
sense that the observed spectra represent superpositions of lines 
belonging to individual CH3, CH2g and CH groups. The parameters of 
these lines, however, are not rigorously invariant: they are influ- 
enced to a greater or lesser extent by the position of the associa- 
ted group in the molecule and the general structure of the molecule; 
a relatively small change in frequency may lead to noticeable shifts 
and splittings of the lines. The most stable parameters are those 
of the 2965 cm-l line. The intensity of this line (per CH3 group) 
is so characteristic (constant) that it can be used for determining 
the number of CH groups in paraffins with an unknown structure. 

The additivity of the Raman spectra established for the diffe- 
rent types of paraffins as regards the CH3, CH2 and CH groups also 
obtains in the infrared spectra. It must be noted, however, that 
this additivity is sometimes overstressed in infrared spectroscopy. 
In view of this, some workers fail to note or take into account cer- 
tain distinctive features in the spectra, associated with deviations 
from characteristic frequencies. 


References 


1. M.V.Vol'kenshtein, M.A.El'iashevich & B.I.Stepanov, Kole- 
baniia molekul (Molecular vibrations), M.-L., 1949. 

2. R.I.Podlovchenko & M.M.Sushchinskii, Optika i spektroskopiia, 
2, 49 (1957); R.1.Podlovchenko & M.M.Sushchinskii, Fiz.sbornik 
(Physics reports) L'vov State University, 3, 99 (1957). 

3. M.M.Sushchinskii, Dissertation, Physical Institute, USSR Ac. 
ot sol .5 957. 

4. M.M.Sushchinskii, Izv.AN SSSR,Ser.fiz., 11, 348 (1947). 


- 1056 - 


ANHARMONICITY COEFFICIENTS AND RESONANCE INTERACTION OF 
INTERNAL VIBRATIONS OF THE CH GROUP 


- V.D.Bogdanov & M.M.Sushchinskii 


Additivity of the vibrational spectra of hydrocarbons as regard 
the CH3, CHg and CH groups bound in these molecules obtains not only 


in the region of the fundamentals 


but also in the overtone regions. 


We made use of this additivity for determining the anharmonicity co- 
efficients. 

We investigated the infrared spectra of a number of regular anc 
some strongly branched paraffins in the regions of the fundamentals 
of the CH vibrations (~2900 cm-l), the first and second overtones 
(~5800 and ~8700 cm-l, respectively) and the combination tone (4200 
cm-l), as well as the Raman spectra in the region of the first over- 
tone (~5800 cm-1). 
individual lines in the spectra of different hydrocarbons with the 
number of CHg and CHg groups in them, one can assign the various 
lines to the appropriate groups. 

Our interpretation of the experimental frequencies and the va- 
lues of the anharmonicity coefficients z are given in the accompany- 


ing table. 


relatively small. 


Interpretation 
Group Type vi- 
{bration 
CHs Sahel | 
CHe Banta} 
CH3 Aayay 
CH2 | aeform 


Frequencies, cm 


Experim. 
vp = 2958 
y= 5876 
Vy => 8760 
vo = 2928 
YW = 5784 
vy= 8565 
Vo = 2872 
Vy = 9774 
ve = 8675 
vy = 2855 
Vg = 5690 
vs = 8320 


—1 


Calculated 
y = 2998 

x = 0,0067 
Vg = 8753 

y = 3000 

x =0,012 
Vvo=>= 8568 

vy = 2842 

x =—0,0052 
vo = 8695 

vy = 1462 
xq= 0,006 
vs = 8350 


Comparing the variation in the intensity of the 


It will be noted that the values of the coefficients are 


We calculated the resonance inter 
action of the valence vibrations of 
the CHg group with the deformation vi 
brations of this group. The method o 
calculation is in general the same as 
for CO2 molecules.*-4 According to 
the interpretation given in Ref.1l, 
¥. = 2920 cm-1 is the frequency of 
the fully symmetrical valence vibra- 
tions of the CH2 group, v. = 2850 cm-l 
is the frequency of the first overton 
of the internal deformation vibration 
of this group. Let I] and I9Q be the 
intensities of the Raman lines having 
the frequencies », and vy, and @] and 
9 be their respective depolarization 
factors. Our calculations yielded 
I9/1, = 0.89, 0] = 0.09 and @2 = 0.08 


The experimental values for n-dodecane (an n-paraffin in which the 
number of CH2 groups appreciably exceeds the number of CH3 groups) 
are Io9/I, = 0.96, @1 = 0.20 and @2 = 0.18. 

In view of the difficulties of measurement under conditions of 
partial overlapping of the spectral lines and the necessarily approx 


imate 


satisfactory. 


1 


3. M.V.Vol'kenshtein, M.A.El'iashevich & B.I.Stepanov, 
ia molekul (Molecular vibrations), M.-L., 1949. 


nature of the calculations the agreement may be regarded as 
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INVESTIGATION OF THE TEMPERATURE DEPENDENCE 
OF RAMAN SPECTRUM LINE INTENSITIES 


- A.I .Sokolevskaia & P.A.Bazhulin 


The temperature dependence of the Oy bata a4 of Raman spectrum 
lines in liquids has been studied repeatedly.!- Most of the ex- 
perimantal results, which are in qualitative agreement, indicate 
that the intensity of Stokes lines decreases with increasing tem- 
perature. It must be noted, however, that quantitatively the re- 
sults obtained by different authors show substantial disagreement. 

We undertook a detailed study of this temperature dependence 
inasmuch as it is of considerable interest from the standpoint of 
investigation of the inter- and intramolecular interactions in li- 
quids. The present study is a continuation of the work of Ref.7 
wherein the experimental technique was briefly described. Hence 
here we only note that for the temperature experiments we used the 
tube diagramed in Fig.1. The investigated substance was contained 
in tube a; nitrogen vapor for low temperatures or hot air for high 
temperatures was passed through the glass jacket b. The second 
vacuum jacket c served to prevent frosting of the walls and window 
of the inner tube during the low temperature measurements. The 
temperature of the investigated substance was determined by means 
of a thermocouple. The width of the spectrograph slit varied from 
the equivalent of 1.5 to 0.5 cm-! at the spectrum depending on the 
width of the line under study. The line intensities were determin- 
ed by measuring the contours with a planimeter. 

The true line contours were obtained 
by reducing the observed contours by the 
procedure described in Ref.8. In the 
process we introduced appropriate correc- 
tions for temperature induced changes of 
the density and index of refraction of 
the substance. Special experiments 
showed that in our set-up the influence 
of the index of refraction is evinced 
Fig.1. Jacketed tube for only in changes in the brightness of the 
investigating Raman spec- scattered radiation as it leaves the 
tra at different tempera- tube.9 All the other effects associa- 
tures. ted with variation of index of refrac- 

tion (changes in the reflection coeffi- 
cient at the liquid-glass interface, changes in the configuration 
of the exciting rays in the tube, changes in the conditions of for- 
mation of the image on the spectrograph slit, etc.) were too weak 
to necessitate any additional corrections. 

The temperature was varied over a range of 120°. The intensi- 
ty of each Raman line was measured at four different temperatures 
in this range. 

Our experiments showed that the intensity of the Stokes lines 
decreases with increasing temperature but that the changes are not 
as great as reported by Fishkova2 and Bobovich et al3,4. We also 
found that the behavior of the line intensities depends on the 
structure of the molecules involved. By way of illustration, the 
results for some of the lines of tetramethylethylene and carbon di- 
sulfide are shown in Fig.2. These substances represent extreme 


100 


- 100 “50 0 EUR Es 


- 1058 - 


cases: the intensity of the tetraethylmethy 
lene lines is least subject to the influenc 
of temperature, while the intensity of car- 
bon disulfide lines falls off very appreci- 
ably with increasing temperature. 


Fig.2. Temperature dependence of the inten- 
sity of Raman lines of carbon disulfide 

(1 - av = 796 cm-1 & 2 - AV = 656 cm-1) anc 
tetramethylethylene (3 - AY = 1670 cm=+ & 
AY = 690 cm-l). 


Table 1 


Temperature dependences of Raman line intensities for a number of 


*The 


liquids (Ig50 = 100) 


Substance av, an + @ I, * AI per 100° 
“10° 22107 
qT 521 0,61 90 Mert: 18 
pu se 623 0,73 80 110 27 
786 0,09 88 109 19 
1214 0,13 90 107 15 
1606 0,70 83 114 25 
+40° | a 0 | 
C e 899 0,12 95 130 30 
de pitied 1031 0), 82 95 136 37 
1449 0,72 93 148 50 
opnge =50° 
Tetramethyl— 504 0,70 90 116 20 
ethylene 690 0,415 94 140 13 
i 1683 0,13 90 117 22 
Bry | 100° —10° 
S-ethylpentene-2| 1440—59 0,74 84 112 29 
1670 0,20 90 103 12 
007) = ih paresiae 
Heptene-1 1642 0,415 77 Ati, 35 
; ear: +808 4.502 
Dipropenyl 1657— 
—1668 0,35 80 130 38 
41-509 =F" 
eee 1416 dp 93 129 30 
1642 0,12 88 138 40 


resent values of I include a correction for the temperature induced change 
of the index of refraction; this correction was not made in the earlier results of Ref.7. 
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Further, we found that the temperature variation of the inten- 
sity depends not only on the structure of the molecules but also on 
the type of the bonds participating in the vibration. Results of in- 
tensity measurements for a number of substances are listed in Table 
1: the intensity changes are referred to the intensity at 25°, taken 
as 100. The changes in intensity calculated per 100° are given in 
the last column. The values of the depolarization factor e given in 
the table are taken from Ref.10. 

As will be evident from the table, the greatest changes with 
temperature are, as a rule, exhibited by lines associated with de- 
formation vibrations (for example, the 623 and 1606 cm-l! lines of 
toluene and the 1031 and 1449 cm-1 lines of cyclopentane). The in- 
tensities of lines associated with valence vibrations of single 
bonds are less temperature sensitive (the 1211 cm-! line of toluene 
and the 690 cm-l! line of tetramethylethylene). On the other hand, 
one cannot establish any clear correlation between the intensity be- 
havior and the degree of depolarization of the line. Thus the polar- 
ized 992 cm-l line of benzene undergoes an appreciable decrease in 
intensity when the temperature is raised 500°. The same thing may be 
said regarding the behavior of Raman lines associated with vibrations 
of double bonds. We investigated the variation in intensity with 
temperature of lines associated with vibrations of double bonds in a 
number of hydrocarbons having a similar structure. If the double 
bond is located near the end of the chain (heptane-1l, diallyl, and 
for that matter, dipropenyl which contains conjugated double bonds) 
the associated lines exhibit large changes in intensity. The line 
intensity falls off somewhat more slowly with increasing temperature 
in the case of 3-ethylpentane-2 and tetramethylethylene in which the 
double bonds are screened by neighboring groups. 

In the case of the Raman spectrum of carbon disulfide we felt 
it would be of particular interest to investigate the influence of 
temperature on the intensity of the 796 cm-l line (the overtone of 
the 397 cm-l deformation vibrations) and the 648 and 805 cm-1! lines 
associated with vibrations of the CS9g molecule with an excited lower 
state. With decrease of the temperature from +25 to -70°, the inten- 
sity of the 796 cm-! overtone increases 2.5 times, whereas according 
to theory it should decrease by only 20%. In the same temperature 
interval the intensity of the 648 and 805 cm~*+ lines decreases by 
only 40%, whereas according to theory there should be observed a 
fourfold decrease. We were also able to investigate with a fair de- 
gree of reliability the temperature be- 
havior of the 656 cm-! anti-Stokes sa- 
tellite in the spectrum of carbon disul- 
fide. Our measurements showed that the 
intensity of this anti-Stokes line falls 


Fig.3. Variation with temperature of the 
intensity of the Stokes (Ig) and anti- 
Stokes (Iq) components of the 656 cm-l 
Raman line of CS9. Solid lines - exper- 
imental data; dashed lines - calculated 
variation. 
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off with decreasing temperature, while at the same time the intensi- 
ty of the Stokes line increases. According to present-day theoreti- 
cal concepts the intensities of both lines should decrease with in- 
creasing temperature. 

The experimental and theoretical temperature dependences of 
the intensities of the anti-Stokes and Stokes 656 cm7~+ lines of CS9 
in the range from -50 to +25°C are shown in Fig.3. It will be seen 
that the observed change in the intensity of the anti-Stokes line 
(60%) is close to the calculated value (70%). The intensity of the 
Stokes line changes by 90% in the same temperature interval whereas 
according to theory the intensity should remain constant. It will 
be obvious that the ratio of the experimental intensities of the 
Stokes and anti-Stokes 656 cm-! lines of carbon disulfide does not 
agree with the theoretical value over most of the temperature range 
from +25 to -50°. 

Our experimental results show that the present theory of the 
temperature dependence of Raman line intensities does not adequately 
explain the effect. It must be emphasized that the deviation of ex- 
periment from theory cannot be attributed to inaccuracy in determin- 
ing the integral intensity of the temperature broadened lines, i.e., 
failure to take into account the line wings.11 Our experiments 
showed that the temperature dependence of the line half-width and 
intensity differ. It has been established? that the half-width of 
polarized lines changes little with temperature, while depolarized 
lines are greatly broadened with increasing temperature. AS was no- 
ted above, there is no apparent correlation between the intensity 


Table 2 
Variation of the width & and intensity I of Raman lines with 
temperature 
Line 
Substance Ay, om7+ e i width, 
6, cm 
42 0 —10 
Heptene—1 168 a2 eal : . 
D3 1642 0,12 —70 6,0 
iallyl 4.55 672 
656 0,20 —110 o.7 
+25 0,8 
Carbon af 
disulfide 
796 0,20 | —110 4,1 
25 4,5 
623 0,73 —=40 4 
+100 15,0 
Toluene 
1606 0,70 1 10 6,4 
+100 13,4 
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behavior and the degree of depolarization of the Raman lines. Thus 
the intensity of polarized lines associated with vibrations of a 
double bond located close to the end of the molecular chain changes 
appreciably with temperature, whereas the line half-width remains 
virtually constant (Table 2). Again, the half-width of the polariz- 
ed 656 and 796 cm-! lines of carbon disulfide are virtually tempera- 
ture independent, whereas their intensities are strongly dependent 
on the temperature. On the contrary, the width of the depolarized 
lines in the spectrum of toluene increases rapidly with temperature, 
while their integral intensity decreases very slightly. Consequent- 
ly, the observed effect cannot be explained by temperature induced 
intensity redistribution in the line wings. 

Further, we note that the observed temperature variations of 
the intensity can hardly be explained by increase of the anharmoni- 
city of the vibrations with temperature®, inasmuch as under our con- 
ditions kl<hw. The hypothesis that increase in anharmonicity is 
responsible for the temperature variation of intensity is also in 
conflict with theoretical calculationsl2. The anomalous behavior of 
the Ig/Iq ratio for the 656 cm-! lines of carbon disulfide indicates 
that the observed temperature dependence of intensities cannot be 
wholly explained by intermolecular interactions!2, although at pre- 
sent one cannot assert that the influence of such interactions is 
negligible. That intermolecular interactions may exert some effect 
is indicated by the fact that the character of the temperature vari- 
ation of the intensity does depend on the position of the double 
bonds in the molecule. 

Obviously, the whole question of the temperature dependence of 
the intensity of Raman lines requires further extensive theoretical 
and experimental investigation. 


"G.S.Landsberg" Optical Laboratory, 
"P.N.Lebedev"’ Physical Institute, Academy of Sciences of the USSR 
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RAMAN SPECTRA OF SOME UNSATURATED CYCLIC HYDROCARBONS 
- V.T.Aleksanian, Kh.E.Sterin, A.A.Mel'nikov & A.F,Plate 


In the general class of unsaturated hydrocarbons the Raman spectra of ali- 
phatic mono- and dialkenes have been studied in greatest detail. For monoalkenes 
Goubeaut experimentally established a number of frequencies characterizing six 
possible types of substitution in ethylene. Subsequently, Goubeau's deductions 
were substantiated by the theoretical calculations of Sverdlov?, It was also 
found that the intensity and other parameters of lines associated with vibra- 
tions of double bonds are characteristic.3-? Moreover, Akishin & Tatevskii® 
showed on the example of 21 saturated hydrocarbons, including a number of cyclic 
ones, that the integral intensity (per mole and per double bond in the absence 
of conjugation) of lines in the range from 1610 to 1680 em71 is virtually con- 
stant. This fact is particularly significant because, as is known, the intensi- 
ty of lines is much more sensitive to changes in molecular structure than the 
frequency. Whereas frequency invariance presumably obtains for cyclic systems 
as well, one cannot apply Goubeau's frequency indications to some of them, cyclo- 
pentene, for example, Hence, bearing in mind the paucity of factual data and the 
problems involved in analytic determination of unsaturated cyclic hydrocarbons, 
we had to begin our investigation of the Raman spectra with the initial purpose 
of determining the characteristic frequencies. 

In the present work we investigated the Raman spectra of hydrocarbons with 
a double bond in the ring: l-ethylcyclopentene-1, 1-n-propylcyclopentene-1 and 
1-n-butylcyclopentene-1 (first series), and with a heptocyclic double bond: 
ethylidenecyclopentane, tn-propylidene cyclopentane and n-butylidenecyclopentane 
(second series). We also made an attempt to establish a correlation between the 
characteristic frequency of the C==<C bond and the molecular structure of the al- 
kenes. 

All the investigated hydrocarbons were obtained by dehydration with oxalic 
acid of tertiary alcohols synthesized by the Grignard reaction from the appro- 
priate alkylmagnesium bromides and cyclopentanone. In the dehydration of each 
alcohol there were obtained two unsaturated hydrocarbons, one with a double bond 
in the five-membered ring and one with a heptacyclic double bond; 


CHR CH2R CHR 


where R = CH3, CoHs and C3H7. 

Under our dehydration conditions, the ratio of products I and II was about 
TeTOl Ls 

Each binary mixture was distilled in a column with a rating of 80 theoreti- 
cal plates and then the index of refraction, density and melting point were de- 
termined for each of the components. (The solidification curves were obtained 
in the Chemical Thermodynamics Laboratory of Moscow State University; we take 
this opportunity to thank A.G,Anikin and G,M,Dugacheva for making the measure- 
ments). 

The procedure followed in obtaining and measuring the spectra has been 
described earlier®,9, 
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Results and discussion 


1-ETHYLCYCLOPENTENE-1. tpo41 = 106.0° (760 mm Hg); ni? = 1.4418; a3” = 
= 0.7979; found MRp = 31.88; calculated for C7Hj 9l~ MRpy = Ste 85, tmelt = mei 55°; 
degree of purity 98.6%. According to Ref.10: tp 4, = 106. 3° (760 mm Hg) ; 
= 1.4410; dj = 0.7982; t,.)4 = -118.4°. 


Av(cm~) : 215(6,m), 254 (2), 275 (1), 300 (4), 354 (8), 401 (15), 432 (2),482 
(7, m),571 (0), 589 (5), 646 (2, m), 820 (6, m), 861 (27), 870 (10, ©), 886 (19, m), 
903 (21), 943 (10), 955 (10), 973 (5), 1025 (24), 1050 (5), 1064 (16), 1073. 
(8), 1130 (7), 1154 (6), 1205 (20), 1233 (11), 1252 (4), 1270(2), 1295(8), 1309(4), 
1324(4), 1439 (100, m), 1464(37, m), 1618(3), 1651 (120), 2843 (310, m), 2881 
(300), 2897(340, m), 2983(250, m), 2961 (210, m), 3048(60, m). 


1-n-PROPYLCYCLOPENTENE-1. tpo41 = 131.1° (760 mm Hg); n= 1.4448; di’= 
= 0.8004; found MRp = 36.63; calculated for CgHy4l~ MRp = 36.48; tmei~ = 99.0°; 


3 
degree of purity 98.9%. According to Ref. 11: tpoiz = 131.5-132.5°9, niS= 1.4450; 
di° = 0.8015; tmoi4 = -100.3°. 


np = 


Av: 238(1), 261(4), 278(4), 295(3), 319 (5, @), 329(12), 347(14,m),374(5, m), 
397(2, m), 432 (2,m), 448(1), 474(6, m), 487(5, m), 536(2, m), 592(3, m), 637(2), 
679(2), 770(1), 815(3), 855(20), 873(5,b), 893(42), 911(8, h), 949(14), 981(4), 
996(3, m), 1029(24, m), 1075(6), 1093(9), 1133(5), 1151(5), 1204(19), 1217 (14), 
1254(4), 1296(16, p), 1332(5), 1347(3), 1440(74, m), 1466(28, m, @), 1495(4), 


1523(2), 1652(84, p), 2841(200), 2870(190, ), 2902(270, m), 2933(220), 
2964(170), 3046(80) 


1-n-BUTYLCYCLOPENTENE-1. ty 94] = 157.1° (760 mm Hg); np= 1.4482; dio= 
= 0.8062; found MRp = 41.26; calculated for CoHjgl MRp = 41.09; tyoi4 = 88.359; 


degree of purity 97.5%. According to Ref.11l: tp 541 = 157.5-158° (760 mm Hg); 
n= 1.4488; d= 0.8101; tme1t = -95. 75°. 


Av: 227(4), 247 (4),264(2), 285(9), 305(15), 325(10), 341(9), 370(5), 388(3 
420(10, ut), 433(10, m), 451 (1), 472(3), 494(4), 512(2), 602(2), 644(2), 670(2 
723(2), 776(3), 820(10), 863(12, m), 878(10, m), 898(32, m), 926(4), 951 (4 
969(3), 10002), 1023(12), 1042(8), 1055/9), 1079(3), 1099(14), 1131( 
1150(8), 1177(2), 1200(17), 1234(7), 1258(6), 1295(20, m), 13349), 1359(3 
1440(110, mm), 1465(42), 1500(1), 1523(2), 1569(1), 1621(1), 1650(110, p), 
2843(210), 2873(220, ¢), 2905 (090, i, 7B), 2936(190), 2959(160), 3044(80). 


ETHYLIDENECYCLOPENTANE. tpi] = 112.4° (760 mm Hg); nij= 1.4496; dz 
= 0.8030; found MRp= 32.15; calculated for C7Hjgl~ MRp = 31.85; tne hte -129,5°. 
Berane to Ref.12: tyo3,] = 112.4° (760 mm Hg); ny = 1.4490; 2? = 0.8030. 


Av: 214(30, m), 224(3, m, db), 259(5), 278(5), 427(30), 456(46), 495(1); 536(2), 
969(7), 593(16), 626(1), 717(1), 732(21), 805(16, m), 840(22), 856(3), 398(30)" 
944(5), LUE 1025(36, m), 1067(7), 1402(2), 1125(1), 1153(45, m), 1172(2), 
1242(13), 1227(17), 1244(2), 1270(10), 1285(4), 1298(8), 1305(3), 1344(31), 
1377(19), 1432(45), 1450(60), 1469(8), 1520(4), 1682(140), 2836(110), 2863 
(200, m), 2886(210, m1, .), 2912 (230,), 2938(180, ), 2957(300, m), 3031(60), 
3059(20). 
m-PROPYLIDENECYCLOPENTANE. tp,94, = 135. 3° (760 mm Hg); nf= 1.4524; di’= 
= 0.8050; found MRp = 36.96; calculated for CH 4I> MRD ='g0.40; t61+ = LiG. 5. 
This hydrocarbon was prepared for the first time in this investigation. 


ee me ee es me ee ee ee ee ee ee 


> 


) 
), 
3), 
8), 
), 


*Translator's note: 

No key to the letters is given in the original. The probable meanings are 
u- wide; - background, /{B - doublet, p- sharp. The figures in Q are intensi- 
ties relative to that of the 802 cm! cyclohexane line taken as 250. 
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Av: 242(5, m), 249(7, m), 285(2, m), 367(15, m), 432(21), 460(1, m), 
497(1, um), 520(1), 571(4, m), 604(5, m), 670(5), 725(4, m), 742(3, m), 799(5), 
830(16), 850(22), 898(62,p), 910(10, @), 949(9), 974(1, m), 1008(29), 1026(36), 
1064(11), 1093(2), 14129(2), 1155(15, p), 1174(2), 1212(7), 1226(15),1257(5, p), 
1272(16,p), 1298(22, p), 1308(15), 1354(12), 1376(8), 1433(39), 1451(48), 
1470(15, m), 1523(8, p), 1574(3), 1650(1), 1679(78, m), 2837(110), 2869(210), 
2890(140, cb), 2908(140, ), 2933(250), 2962(320), 3042(20). 


m-BUTYLIDENECYCLOPENTANE. tpoil = 159.4° (760 mm Hg); njf= 1.4550; d= 
= 0.8105; found MRp = 41.58; calculated for CoHjg|~ MRp = 41.09; vitrefies. This 
hydrocarbon was prepared for the first time in this investigation. 
Av: 223(5, mm), 249(4), 266(5), 312(10, m, ), 342(8, m), 406(8, m), 435(21), 
483(3), 507(6), 570(7), 594(4), 608(5), 662(1), 680(0), 727(6), 752(8), 771(4), 
811(5, m), 840(12), 854(5), 871(20), 894(25), 902(72), 912(15), 948(12), 
974(3, mm), 1005(10), 1024(32), 1053(6), 1065(9), 1090(17), 1135(2), 1154(16), 
14172(1), 1212(8), 1230(20), 1260(7), 1271(7), 1289(3), 1302(15), 1321(12, p) 
1342(12, p), 1357(10, p), 1377(5), 1435(54, m), 1451(62), 1471(15), 1523(4), 


1548(1), 1650(2), 1678(110), 2839(90), 2869(160, mB?), 2889(100. &). 290514 
2935(210), 2962(230), 3043(20). ) (100, @), 2905(190), 


The spectra of the hydrocarbons of the above mentioned first series are 
already known!3,14, Important additions to our results are the spectra of cyclo- 
pentene and l-methylcyclopentene-l1 (first series) given in Refs. 7 & 14 and of 
methylenecyclopentane (second series) given in Ref.14. The characteristic fre- 
quencies in the spectra of each series are listed in Tables 1 & 2. Some of 
these will be discussed below. 


Table 1 
Characteristic frequencies in the spectra of cyclopentene 
and its l-alkyl homologues 


i 


ey Ref.7 goo140) | 102715) | 4207(18) | 16147150) | 3060(270) 
es C Ref.7 880(50) 102822) | 1207(17) | 4659(160) | 3044(120) 
i. mere, 861 (27) 1025(24) | 1205(20) | 4651(120) | 3048(60) 
886(19) 
903(21) 
> c—c—c | 393(42) 1029(24) | 120419) | 14652(84) | 3046(50) 
pose C—C—C} 898(32) 1023(12) | 41200(17) | 41650(110) | 3044(80) 
Table 2 


Characteristic frequencies in the spectra of methylene- 
and alkylidenecyclopentanes 


—C—C—C]| 435(21) | 902(72) | 1024(32) | 1154 (46) | 1212(8) | 1435 (54) | 1678(410) 3043(20) 


| S=¢ Ref.14 | 4179) | 897¢75) | 102220) | 1152 (10) | 1219(15) | 1437(25) | 4657(120) | 3078(65) 
— 3034 (60) 
| >= c—c 427(30) | 898(90) | 1025(36) | 14153 (15) | 1212(13) | 1432 (45) | 1682(140) | 3059(20) 
- cC—Cc—C 432(21) | 898(62) | 1026(36) | 1155 (45) | 1212(7) | 1433(39) | 1679(78) | 3042(20) 
eae 

ce 
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A. Double bond in five-membered ring (Table 1) 


The lines in the 860 to 905 cm71 interval are due to pulsating vibrations 
of the ring’.* The 1614 cm! line of cyclopentene - a formal analog of cis-di- 
alkylethylene - (second column in Table 3) and the 1650-1659 cm7! lines of the 
other hydrocarbons - analogs of trisubstituted ethylene - (third column in 
Table 3), as well as the lines in the 3044 to 3060 cm7! interval, are undoubted- 
ly characteristic lines of the C==C double bond.** 


B. Five-membered ring with a heptacyclic double bond 


The 897 to 902 cm! lines are apparently also associated with pulsation of 
the five-membered ring. The vibrations of the double bond are represented by 
the 1657 cm71 line in the spectrum of methylenecyclopentane - a formal analog 
of unsymmetrical trisubstituted ethylene - (column 1 in Table 3) and the 1678 to 
1682 cm-1 lines*** in the spectra of the hydrocarbons which are analogs of tri- 
substituted ethylene (column 4 in Table 3) as well as the 3031 to 3078 cm71 
lines. Possibly the 1432-1437 em~1 lines are also due to the presence of the 
double bond. 


Values of the frequency Vouc and the structure of cyclic unsaturated hydrocarbons 


In the case of monoalkenes the C=-C—C valence angles are almost the same 
with all types of substitution in ethylene. In cyclic systems, however, particu- 
larly with 3-, 4- and 5-membered rings, these angles can vary greatly. Hence it 
is expedient to compare the values of Vouc with the spectra of cyclic unsaturated 
and aliphatic monoalkenes having the same type of double bond substitution. The 
available data are arranged accordingly in Table 3. Inasmuch as the tabular 
data has been taken from different sources there may be some divergences, but 
these can hardly exceed 10 em7l. 

The table shows that in each row, corresponding to 6-, 5- and 4-membered 
rings, the frequencies increase with the increasing degree of substitution, i.e., 
that cyclic unsaturated hydrocarbons behave in the same manner as aliphatic mono- 
alkenes (first row). Kohlrausch!5, considering the formal analogs of cis-substi- 
tuted ethylene (cis-pentene-2, cyclopentene, cyclopentadiene, furan and pyrole) 
associated the decrease of Yo=c in this series with narrowing of the C==C—C 
angle. It would appear more expedient, however, to consider only hydrocarbons 
with one double bond. Actually in the case of two conjugated double bonds 
(cyclohexadiene-1,3, cyclopentadiene and indene) the frequency falls off sharply, 

*There are three bright lines in the spectrum of l-ethylcyclopentene-1 in 
this interval: 861(27), 886(19) & 903(21). The line due to pulsation of the 
ring can be identified on the basis of polarization measurements. 

**kLevina et al13 reported weak lines in the vicinity of 1680 em71 which 
have been interpreted as a result of splitting of the Yo_, frequency by Akishin 
& Tatevskii®; in view of the synthesis procedure employed by Levina et al, from 
the results of our investigation it may be inferred that these lines belong to 
the corresponding isomers of the second series. 

*kkThe weak lines at 1650 cm=1 in the spectra of propylidene- and butylidene 
cyclopentane belong to admixtures (1-2%) of the corresponding isomers from the 
first series. 
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Table 3 . 
Values of the frequency of the C==C bond in the spectra of different hydrocarbons 
(R - radical not containing double bond conjugated with the C==C bond) 
R, R R 
Geta > c=cé 3 1670- 


ad Nie 1670- R7~ \r, 


1656 1680 


Aliphatic monoalkenes U) 


Two double 
bonds 


{17] 

1673 
1-—methyl-— 
ecycloheptene-1 


{17] 
Ou 
Cloheptene 
(7) 


O sss 


Cyclohexene 


(7,17,21] 


[15] 
1669-1680 


R 
1676 
Cie ee 1—alkyl- 


diene-1,4 | cyclohexene 


c {13} 


O 1651 


Methylene— 
cyclohexene 


{7} 


1578 
Corre 
diene-1, 3 


{13} 
c 


O sss 


Methylcyclo— 
pentane 


{ (24) 
1679 
Methyl— 


cyclobutane 


S 1614 


Cyclopentene 


CS 1496 


ivelopes ras 
iene 


¢ 
| 
Se ces TD EC 
an 
5 


RS c—C {19} 


oe ropyl— 
necyc nobutane 


(18) 
d ch 1575 
icyclo 
3,2, 1) (3,5, 1) 
heptene—2 heptadiene—2, la 
ereee) 
dctene-—2 


Numbers in [] are References 


whereas no such abrupt decrease is observed in the absence of conjugation. It 
will be seen from Table 3 that the frequency of the double bonds is the same as 
in monoalkenes as long as the ring is unstrained (cyclodctene, cycloheptene, 
cyclohexene and their homologues. Diminution of the characteristic frequency 
of the double bond is observed in cases when the cyclic system is strained (cy- 
clobutene, bicycloheptene and l-alkyl cyclopentenes). It must be assumed that 
the decrease of the frequency of double bond in bicyclodctene is also due to 
strain. Further decrease of the frequency may be expected in the spectra of 
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cyclopropene and its homologues of the |>—R type. It must be noted, however, 
R 
that the Voi in the spectra of Doman type cyclopentenes (1673-1693 cm71) 
R 


are exceptions to the inferred regularity. 

Since, as we saw, You falls off with diminution of the C=C—C angle, it 
may logically be assumed that the frequency will increase with increase of this 
angle. This inference is supported by the spectra of methylene- and isopropyl- 
idene-cyclobutanes. Further substantiation could be furnished by the C==<C fre- 

R : 
quencies in the spectra of hydrocarbons of the type Ya ct Inasmuch as the 


Yo-c in the spectra of methylene-cyclopentane and alkylidene-cyclopentane are 
not lower than in the spectra of the corresponding monoalkenes, it may be assum- 
ed that the C=C-—C angle in these compounds is close to the normal value. This 
is all the more plausible in view of the fact that the five-membered ring is 
not plane.16 ; 

We want to emphasize that all the qualitative regularities inferred above 
are tentative and must be subjected to the test of further experiments and cal- 
culations. 


Laboratory of the Commission on Spectroscopy, 
Academy of Sciences of the USSR & 

Faculty of Petroleum Chemistry, 

Moscow State University 
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VIBRATIONAL SPECTRA OF SOME PHOSPHORORGANIC COMPOUNDS 
- R.R.Shagidullin 


Investigation of the vibrational spectra of phosphororganic compounds, 
which are becoming of increasing interest, showed that the presence of a number 
of atomic groupings in their molecules leads to the appearance of characteristic 
frequencies in the infrared and Raman spectra.1-5 

The present study was undertaken for the purpose of determining whether 
some of the groupings can be satisfactorily characterized by spectroscopic data 
and to gain further information on the structure of some of the new phosphor- 
organic compounds which are now being extensively synthesized and investigated in 
the Kazan laboratory under the supervision of Academicians A.E. and B.A. Arbuzov. 
Ne investigated the Raman and infrared absorption (IR) spectra of 11 substances 
(all liquids) , which on the basis of the method of preparation and what is known 
of their structure may be classified in two series (see figure)**. The experi- 
nental procedure and equipment have been described earlier.®,7 Here we shall 
only give the infrared spectrograms (figure) and list the characteristic fre- 
quencies (table). 


Discussion of Results 
Series A 


On the basis of the available chemical data one cannot choose unambiguously 
between the following two structural formulas for the compounds of series A: 


I (RO),3P—N—P(OR), and Il iy Dar set 
; bn, 0 O NC2H; 

Inasmuch as the characteristic vibration frequencies of the P=O bond in 
the interval from 1200 to 1300 cm=1 have been reliably established!, we shall 
begin our discussion with this region of the spectrum. In the infrared spectrum 
of compound a, the 1305 cm-l band, according to Harvey & Mayhood?, pertains to 
the PNMe, group***, while the 1232 em-1 pand is associated with the P=0 bond, 
where two phosphorus valences are taken up by dimethylamino groups. The 1265 em~1 
band should be attributed to P=0 in the case of structure I and to P=N in the 
case of structure II. The corresponding bands in the IR spectra of compounds b 
(1270 cm-l), c (1270 cm-l) and d (1265/1280 em~1) should be regarded as the re- 
sult of surposition of the bands of the two P==0 bonds in the case of structure 
I or of the P=0 and P=N bands in the case of structure II. While this infer- 
ence in the case of structure I is in good agreement with the data in the litera- 

*The investigated substances were synthesized by P.I.Alimov, N.P.Grechkin 

and O.N.Fedorov, staff members of the Kazan branch of the USSR Academy of 
Sciences. I take this opportunity to thank them for making samples of the con- 
pounds available for analysis. 


CH, 


**Substance k was C,H;OP ioe . It was found that the IR spectrum of 
CH, 


this substance altered with time. 
*kKMe = CH3- 
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Substance Series A 
é 623(60) | 1222(14) | 1257(8) 1285(8) 1304(7) 
123285 4265: s 1305 s 
b 657 w(26) 1261(21) 1286(23) 
4270 s 
663 w(26) 1259(24) 4280(24) 
1270 ¢ 
665 w(21) 1259(44) 1279(4) 
1265 s 4280 s 
Series B 


© 1248(12) | 1280(42) | 3005(78) | 3076 (38 a) 
1250s | 1280s 

f 1251(14) | 41280(46) | 3002(70) ‘| 3074 (30 d) 
1256s | 1280s 

8 1249(6) | 1280(29) | 3003(68) | 3075 (30 a) 
1257s | 1290s 

h 1231(14) | 1264(11) | 1280(74) | 3001(150) | 3075 (68 a) 


4232 s Ii Sa 
i 1265(46) 2989 w(130) | 3069 (50 da) 
2 LARA 
4 1255(30) 2983:w(120) | 3060 (36 d) 
1264 s 
k 1257(110 2985 w(170) | 3064 (88 d) 
4271 s 


Notes: The figures in parentheses following the IR frequencies 
are intensity values in the scale where the intensity of the 802 em~1 
line of cyclohexane is taken as 250. The frequencies given under the 
Raman frequencies are those of the IR absorption peaks. Key: s - 
strong, d - double, and w - wide. 


ture, in the case of structure II it appears unlikely inasmuch as the weights 
and electronegativities of the 0 atom and the NCoHs5 group are different and 
structure II is unsymmetrical. Unfortunately, one cannot obtain further evi- 
dence in favor of either I or II in the 1200-1300 cm71 region from the Raman 
spectra. At the same time, in the 600 to 670 cm-l region each of the series 
A compounds has one intense Raman line (table). According to Bellamy!, the 
characteristic vibrational frequencies of the P-N bond are evinced in the vici- 
nity of 700 cm-l, It may be assumed therefore that the 600-670 cm71 line in 
the Raman spectra is associated with symmetrical vibrations of the P—N—P 
group. A shift to the side of lower frequencies and increase in intensity of 
this line in the spectrum of compound a is probably due to lengthening of the 

N 
chain and increase in the number of P—N bonds (P—n—PO ). This may also 

N 
be taken as evidence in favor of structure I. It must be noted that the in- 
tense absorption band in the 920 to 975 cm71 region (figure) evinced in the 
spectra of all four compounds of series A may belong either to P—N—P (struc- 
ture I, anti-symmetrical vibrations) or to P—O—P (structure ID3. In view 
of this, we cannot positively affirm that the compounds of series A have the 
imido structure, although the other spectroscopic evidence seems to favor this 
inference. We plan to investigate the matter further. 
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Series A (Refs. 8 & 9) Sa 


100 
(CyHg0),P10)-M(C,Hy PIONN(CH,),}, 


2CHe 
| (9°C3H, 0), Sch, | 
eg erin ct 


(1-Cyblg0), PW He 
NH, 


patent 


Sa 


100, 


0 


100 100; 
(2-C,H,0),P(0)-NIC,H.) PIOXOn-C,H), 


7 CH, 
(-C,H40) ALS 


Absorption, 


100 
th 
CH, 


(C,H.0), f NC 


/CH 
Avera 


J 
900 1100 


1300 


700 900 700 (1300 1500. 
cm? 


Series B 
In the spectra of the compounds of series B we searched for the character- 
istic frequencies of the ethylenimine ring Nn and the double bond P=0. Ac- 


cording to Ref.12, the pulsation frequency of ehtylenimine is 1215 cm7l, i.e., 
is close to the region in which the characteristic vibrations of the P=0 bond 
are evinced. As may be seen from the spectrograms and table, all the compounds 
of series B have intense IR bands in the 1230 to 1290 cm=! region. But in the 
spectra of compounds e,f,g and h, which in addition to the ethylenimine ring con- 
tain a P=0 bond, there are two bands in this interval ( 1260 em-l and 1280 em=1), 
while in the spectra of compounds i,j and k, whose molecules contain only the 
ethylenimine ring, there is only one band (1264-1272 em71). Inasmuch as accord- 
ing to the data in the literature, no other atomic group in compounds i,j and 
k absorbs in this region, the said band can safely be attributed to pulsations 
of the ethylenimine ring. 

It is feasible to interpret the Raman lines in the 1230 and 1280 cm-l range. 
As will be evident from the table, these lines can readily be subdivided into 
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three groups according to intensities: relatively weak lines (up to 14 in the 
intensity scale - see note under table), medium (29-46) and strong lines (74- 
110). On the other hand, the formulas of the series B compounds show that the 
compounds with strong lines in their spectra have two ethylenimine rings each. 
Further, it will be noted that the intensities of the strong lines are approxi- 
mately double those of the medium intensity lines. Hence it may be concluded 
that the medium and strong lines are associated with vibrations of the ethyleni- 
mine ring. The relatively weak lines may be attributed to P=-0 bonds. 

It follows from a comparison of the infrared and Raman spectra that the ab- 
sorption bands in the IR spectra of compounds e,f,g and h in the 1232 to 1257 
em-1 region pertain to the P==0 bond and those in the 1272 to 1290 cm-l range 


to the nf ring. 


Lines having frequencies of about 3000 em-1 and 3070 cm71 appear in the 
spectra of all the series B compounds. Comparing the spectra of these compounds. 
with the spectrum of ethylenimine!2, one can safely attribute the ~3070 em=1 
frequency to antisymmetrical and the 3000 cm-1 frequency to symmetrical vibra- 
tions of the C—H bonds in the ring. The intensity of these lines is also pro- 
portional to the number of ethylenimine rings in the molecules (see table). 

It must be noted that the P=0 bond and to a lesser extent the P=S bond 
increase the characteristic frequencies of the ethylenimine ring. 

On the other hand, the ethylenimine ring acts to reduce the vibrational 
frequency of the P=0O bond, i.e., has an effect analogous to introduction of 
a nonelectronegative substituent4. 

As will be evident from the cited data, the frequency of the fully symmetri- 
cal vibrations of the ethylenimine ring in the investigated compounds is ap- 
preciably higher than the frequency in ethylenimine itself. It is interesting 
to note that according to chemical data the reactivity of the ring in these com- 
pounds is appreciably reduced.19 It is not impossible that the two effect are 
related. 


Kazan Branch of the USSR Academy of Sciences & 
Commission on Spectroscopy of the USSR Academy of Sciences 
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RAMAN SPECTRUM OF VITREOUS GERMANIUM DIOXIDE 
- V.V.Obukhov-Denisov, N.N,Sobolev & V.P.Cheremisinov 


There have been numerous studies of the vibrational spectra of both crystal- 
line and vitreous silicon dioxide. The results of these investigations indicate 
that the spectra of these two modifications of silicon dioxide are very similar. 

The closest chemical analog of silicon is germanium, the dioxide of which 
can exist not only in the crystalline but also in the glass-like state. One of 
the modifications of germanium dioxide (soluble) has the same hexagonal crystal 
lattice as Q-quartz, the principal structural units of which are Si04 tetrahedra. 

In addition to their intrinsic interest, experimental data on the vibration- 
al spectrum of germanium dioxide may be of value from the standpoint of the the- 
ory of the glassy state, particularly in view of the noted analogy of silicon 
and germanium. Until now, however, the vibrational spectrum of germanium diox- 
ide has received scant attention. The purpose of the present work was, there- 
fore, to investigate the Raman spectrum of germanium dioxide. Unfortunately, 
we have not yet been able to investigate the Raman spectrum of crystalline ger- 
manium dioxide inasmuch as GeOog single crystals do not occur in nature and spec- 
troscopic investigation of polycrystals is very difficult. 

Below we give the results of our study of the Raman spectrum of glassy ger- 
manium dioxide together with a comparison of this spectrum with that of vitreous 
silicon dioxidel, 

In comparing the two spectra we proceeded on the hypothesis that vitreous 
germanium dioxide has a structure analogous to that of vitreous silicon dioxide. 
If this is the case, in comparing the vibrational spectra of the two dioxides 
it is not unreasonable to regard them as the vibrational spectra of dioxides of 
the same element but with different atomic weights. This hypothesis is, of 
course, somewhat far-fetched - silicon and germanium are different elements - 
but it may be of help in interpreting the vibrational spectra of both Ged, and 
Sido. 


Table 1 


Frequencies and intensities in the Raman and infrared 
absorption? spectra of germanium dioxide (), em~1) 


Infrared absorption spectrum 
Raman spectrum (glassy) 


polycrystal 


193 (v.w. ) 


250 (v.w. ) 

312-349; peak -— 331 (m) 

373-461; peak — 408 (v.s, 

520-615; peak 1 — 540 (m 564 (s) 517 a) 
peak 2 - 60 (m) 551 (m 

587 (m) 
825-894; peak — 866 (w) eo (v.5.).) Oe (Vese ) 
935.973: peak — 977 (w) 966 (s} 55 (s} 


Intensities: v.w. — very weak, m.— medium, s — strong, 
v.S. — very strong. 


We observed seven 
bands of different widths 
and intensities in the 
Raman spectrum of our 
specimen of vitreous ger- 
manium dioxide. The 
Raman spectrum obtained 
with excitation by the 
4358 A line is reproduced 
in Fig.1 together with 
the microdensitometer 
record. The frequency 
and intensity values are 
listed in Table 1 together 
with the frequencies of 
the infrared absorption 
peaks of vitreous and poly- 
crystalline GeO, according 
to Sidorov2. We note the 


close similarity of the absorption spectra of the vitreous and polycrystalline 
modifications and the counterpart of all the infrared absorption bands of vitre- 
ous GeOo in the Raman spectrun. 

In collaboration with Ia.S.Bobovich we carried out a tentative investiga- 
tion of the polarization of the Raman lines of vitreous germanium dioxide by 


Fig.1 
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Fig.1. Photograph and microphotogram of the Raman spectrum of vitreous germanium 


dioxide. 


Fig.2. Polarization Raman spectrum of vitreous germanium dioxide. 
Upper curve - strong component; lower curve - weak component. 


means of the diffraction spectrometer with double monochromatization developed 


by Kiselev3. 


The polarization Raman spectrum is shown in Fig.2. 


It will be 


seen that the most intense band peaking at 408 cm-l is strongly polarized, while 
the other bands (520-615, 825-894 and 935-973 em-1l) are depolarized. 


Table 2 
Comparison of the Raman spectra 
of vitreous germanium and 


silicon dioxide (), em) 


GeO (glassy) Sido (glassy) 
Sn ee tt iy (Ref.1) 
193 (v.w. ) 30-120 (v.s. ) 
250" (veiw!) ee i 
312-349 (m) 870 (s 
373-461 (visc) 430 Ne s. ) 
495 (s) 
520-61 
peak 1- 540 (m)| 635 (w) 
eak 2 — 600 (m)| 775-846 (m 
8 894 (w 1022-1098 z 
985-973 (w 1140-1246 (w 


For intensity key see Table 1. 


-495 cm™1 band of Si0g. 


In comparing the spectra of GeO» and Sido, 
it must be borne in mind that the corresponding 
bands in the vibrational spectrum of GeO 9 
should have lower frequencies than in the Sido 
spectrum owing to the higher atomic weight of 
Ge. In comparing the spectra, we also took 
into account the degree of depolarization and 
intensity of the Raman lines. The data on the 
Raman spectra of the two dioxides are juxta- 
posed in Table 2. 

The 825-894, 935-973 and 520-615 cm! de- 
polarized bands of vitreous germanium dioxide 
correspond to the 1023-1098, 1140-1246 and 
775-846 cm71 depolarized bands in the spectrum 
of vitreous silicon dioxide. All these bands 
have their counterparts in the infrared absorp- 
tion spectrum. The most intense and strongly 
polarized 373-461 cm-! band of GeO» corresponds 
to the most intense and strongly polarized 430- 


This band of Si09g is also present in the infrared spec- 


trum, whereas the corresponding band was not observed in the infrared spectra of 
GeO. (the investigation extended only to 22 y). 

A characteristic feature of the Raman spectrum of germanium dioxide, as of 
the Sid, spectrum, is the presence of a continuous section adjacent to the ex- 
citing X = 4358 A line; however, the intensity of this continuum is lower in the 
spectrum of GeQo. 
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The above comparison of the Raman spectra of vitreous GeOo and Si05 may 


prove useful in the future in interpreting the vibrational spectra of these sub- 
stances. 


"P,N. Lebedev" Physical Institute, 
Academy of Sciences of the USSR 
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INVESTIGATION OF THE INFLUENCE OF DIFFERENT ELEMENTS ON THE STRUCTURE OF 
SILICATE GLASSES BY RAMAN SPECTROSCOPY 
- Ia.S.Bobovich & T.P.Tulub 


1. Determination of the influence of various chemical elements on the struc- 
ture of glass is important from the standpoint of both theory and practice. 
Basically, solution of this problem reduces to establishing the atomic-molecular 
architecture of glass, hence it is expedient to use direct experimental methods. 
Yet, research in this direction has been based primarily on indirect procedures 
or on purely speculative inferences regarding the possible role played by dif- 
ferent components of the system in the process of vitrification. 

Probably the most direct and rational method of attacking the problem is 
that of vibrational spectra. Hence we undertook an investigation of the influ- 
ence of different elements on the structure of glass by means of Raman spectro- 
scopy. 

2. For our investigation we chose mixed silicates of the Naj0°MeO-Si0s type 
and orthosilicates of the Nag0-Me903°2Si0g and 2Na90°MeO9* 2510 types for the 
cases of di-, tri- and tetravalent elements (Me), respectively. It will be evi- 
dent that all these contain sodium oxide and the oxides of the other elements 
in molecular proportions at which no one of the SiO, tetrahedra is linked with 
another common oxygen atom. 

This choice of glass compositions was deliberate. It can readily be shown 
that with this selection any imaginable glass structure can be correlated with 
its distinctive spectroscopic features. Clearly, if the element Me is present 
in the orthosilicate glass in the form of cations, there must necessarily be 
evinced in the spectrum the frequencies associated with vibrations of the Si04 
tetrahedra, i.e., only one polarized band. If the tetrahedra are so strongly 
deformed that they have lost all their symmetry elements, this will be evinced 
by the complete absence of polarized bands. In the case when the Me—O bond is 
highly covalent, the Me oxide (MeO, Me903 or Me0p5) may be incorporated in the 
common network with Nag0 and Si0,. Then there probably should be observed ''con- 
tinuous" polarized Raman scattering and wide bands, i.e., the spectral features 
observed for sodium silicate glasses with strongly developed steric coupling of 
the SiO, tetrahedra. This fact was established by us earlier.1-3 It is not im- 
possible, for example, that the oxides (MeO, Meg90, or MeOo) , particularly if 
they themselves are glass forming, will not enter at all into the common network. 
Then there should be observed a surposition of the spectra of the glass-forming 
oxide and Nao0°Si0,. The latter has been thoroughly investigated by us2,3 ex- 
perimentally and by Stepanov and Prima4-6 theoretically, and has a highly charac- 
teristic appearance. Obviously, there may exist intermediate structures. 

Specifically, we investigated the influence of all the more important ele- 
ments that might be used in practice: Be, Mg, Ca, Sr, Ba, Zn, Cd, Pb, Al, Bi, 

B, Ti and Zr. Three of these (Be, Al and Zr) were investigated in glasses of 

somewhat different composition. We were also able to obtain lead glass in the 
form of the simple orthosilicate 2Pb0-Si0 9. The spectra were investigated by 

means of a double monochromator developed and constructed in our laboratory. ? 

We note that most of the glasses contained the usual and inevitable large de- 

fects which preclude investigation by conventional experimental procedures. 

3. It was found that as regards their influence on the spectra the enumer- 
ated elements may be subdivided into three groups. 

The spectra of some members of the largest group are shown in Fig.l]. They 
are characterized by a more or less intense continuous polarized spectrum near 
the edge of which there appears a low peak (located at approximately the same 
frequency (“625 cm71) in all glasses) and a very broad high frequency band peak- 
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ing at about 980 cm-l. The width of the bands and particularly the presence of 
the continuum is, in our opinion, a clear indication of partial spatial coupling 
of the SiO, tetrahedra realized through the intermediary of the Me atoms. This 
inference is substantiated by the appearance of the spectrum of pure lead ortho- 
silicate, which we do not reproduce here. Al, Bi, Pb and B are apparently dis- 
tinguished by a particularly strong tendency to build into the glass network. 
Probably a small fraction of the Nag0 and Si0p molecules (different in different 
glasses) forms structures similar to metasilicate chains. Evidence of this is 
furnished by the presence of bands with a frequency of 625 cm7! and the results 
of our experiments involving variation of the MeO content (the results of these 
experiments will be reported elsewhere). 


Ca 
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Fig.1. Raman spectra of some glasses having the compositions Nag0*Me0*2Si059 and 
Na90°Me202°2Si09. The dashed line indicates the level of the background near 
the exciting line; the arrows identify the continuous spectrun. 
Fig.2. Raman spectra of three mixed metasilicates: Nap0-:MeO-2Si05, where Me de- 
notes Ca, Ba or Sr. 
Fig.3. Raman spectrum of 2NaQ0°Ti0,* 2Si0o glass. Dashed line - background level. 


In the second group, we have three glasses containing CaO, BaO and Sro. 
Their spectra are shown in Fig.2. They are characterized by somewhat narrow 
bands, the absence of the continuous polarized spectrum (instead of which there 
appear two depolarized peaks), good resolution of the structure of the high fre- 
quency band and a somewhat different intensity distribution. As regards appear- 
ance, these spectra are generally reminiscent of the spectra of sodium metasili- 
cate glasses. The similarity is particularly striking in the case of the glass 
containing Sr0O. In view of these facts we infer that structurally all three 
glasses represent metasilicate chains consisting of Nag0 and SiO» molecules. 

The 2Na20°Ti05-2Si05 glass belongs in the third group. The spectrum of 
this glass, which is shown in Fig.3, is highly distinctive. In contrast to the 
foregoing, there are no bands with frequencies of ~625 and ~980 em-1 in the spec- 
trum of this glass; instead there appears a very intense polarized band at ~880 
em~1, Further, there is evident a continuous, also polarized section with a 
greatly displaced edge (approximately to 800 cml), Wide polarized and depolar- 
ized bands stand out against this continuous scattering background. A weak de- 
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polarized satellite adjoins the ~880 cm-1 band on the high frequency side. 

It would appear that there are evinced in this spectrum the vibrations of 
free Si0, tetrahedra and the complex Ti09°Si0, network. We associate the ~800 
cm71 pand with the fully symmetrical vibrations of the tetrahedra. This is in 
agreement with the theoretical data of Stepanov & Prima*-6, We associate the 
continuous scattering with the vibrations of the Ti09:Si05 network. The dis- 
placement of its edge is probably due to the appreciably greater rigidity of the 
Ti—O bond as compared with the Si—O bond. This is apparently connected with 
the fact that in the Ti atom the outer electrons, that participate in formation 
of the bond, are 3d electrons. 
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SPECTROSCOPY OF NEGATIVE RADIANT ENERGY FLUXES 
- B.I.Stepanov & Ia.S.Khvashchevskaia 


In most typical problems in spectroscopy we are concerned with nonequili- 
brium processes occurring due to interaction of light with matter. However, 
for correct interpretation of the experimental facts, particularly in infrared 
and high-temperature spectroscopy, it is essential to take into account the 
background of thermal radiation, namely, the thermal radiation of the investi- 
gated substance, the radiation detector and even the material of the absorption 
cell windows. 

Let us consider the substance contained in an absorption cell. We assume 
that it is in thermodynamic equilibrium with the surrounding medium. The distri- 
bution of particles in energy states is characterized by the Boltzmann relation. 
The thermodynamic equilibrium is maintained by virtue of thermal and radiant ex- 
change with the medium. The radiation fluxes at any point in the cell are de- 
scribed by Planck's formula. If we change the character of the incident radia- 
tion, the equilibrium will be disturbed and there will be initiated processes 
tending to re-establish it. In the case of deviation of the particle distribu- 
tion from the equilibrium one, there may occur either an increase or a decrease 
of the mean energy of the system. The first type of disturbance of equilibrium 
has been thoroughly studied. The second type has received less consideration al- 
though actually it is encountered rather frequently and can be detected experi- 
mentally. 

Let us consider a simple system of particles with 
two energy levels. In the equilibrium condition n§%* = 
= nfs. e(E-EvIAT, The commonly encountered disturbance 

2 of equilibrium occurs if a radiation source, for example, 
a body at a higher temperature, is placed near the ab- 
sorption cell. In this case the radiation flux from the 
source to the cell will exceed the flux in the opposite 
direction. Under the influence of the excess flux the 
system will be excited, that is, part of the quanta will 
Fig.l be absorbed and as a result a certain fraction of the 
particles will be raised from the first level to the 
second level. This transition between levels 1 and 2 is shown by arrow a in 
Fig.1. The values of ng and n, are described by formulas given in Ref.1l. 

The inverse disturbance of the thermodynamic equilibrium will occur if a 
cooled body is placed near the cell window. In this case the radiation flux 
from the cold source in the direction of the cell will be weaker than the re- 
verse flux. As a result of this external influence, part of the particles will 
undergo transitions from level 2 to level 1. The system will again be brought 
into an excited state, but of opposite sign, (ng < n§4"1 and nj > nest): This 
negative excitation process is represented by arrow b in Fig.l. 

It follows from above that in either case excitation of the system occurs 
under the influence of a flux AI = Igource - Icej1: 

If AI = 0, no excitation occurs, i.e., the equilibrium is not disturbed. 

If AI > 0, we have the usual type of excitation. Finally, if the incident flux 
is negative, we have a unique negative excitation accompanied by decrease of the 
mean energy of the system. The numbers nog and n, of particles in the states 2 
and 1 are given by the same formulas but with negative values of AI. In contrast 
to positive fluxes, the maximum value of negative fluxes is limited; consequent- 
ly, the influence of negative fluxes is relatively weak and frequently remains 
unnoticed. 
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Under the influence of a negative flux, however, there may occur in a sys- 
tem of particles diverse optical effects equivalent to all the usual effects. 
A negative flux may be absorbed, scattered or reflected. The negative flux may 
give rise to negative luminescence or a negative photoeffect.2-3 If the quantum 
efficiency of the negative luminescence is 100%, the absorbed negative flux is 
fully compensated by negative luminescence. Negative luminescence is represented 
by arrow c in Fig.l. 

The purely theoretical considerations? outlined above led us to undertake 
a series of experimental investigations. Our very first attempt showed that 
negative fluxes can readily be detected and possess many of the usual attributes 
of positive fluxes. They can be utilized for determining the distribution of 
levels, absorption coefficients, indices of refraction, lifetimes of excited 
states, yields and efficiencies, scattering indicatrices, etc. Noticeable nega- 
tive fluxes are readily obtained in the infrared region. At high temperatures 
of the cell they can also be detected in the visible region without difficulty. 

In investigating the properties of negative fluxes propagated from a cold 
source to the cell, one must take into account the thermal emission of the radi- 
ation detector. This emission is also appreciable and normally remains unnoticed 
only because it is compensated by the counter fluxes due to the thermal emission 
of the absorption cell with the investigated substance and other external objects. 

If the radiation source, the investigated substance and the radiation de- 
tector are all at the same temperature, there will be no nonequilibrium processes 
and the detector will give a null indication. Any disturbance of the thermody- 
namic equilibrium will produce a reaction in the detector: it will begin to give 
an indication (positive or negative), if the source is heated or cooled or if a 
nonequilibrium source is interposed between it and the thermal radiation source. 
The detector will also begin to indicate, i.e., give nonzero readings, if the 
temperature of the cell or even of the detector itself changes. The indications 
of the radiation detector will be proportional to the difference between the flux 
incident on it and the flux emitted by it. The former consists of the flux from 
the source attenuated in the cell and the flux due to thermal emission of the in- 
vestigated substance. In general the indication of the radiation detector is 
given by 


Y=C(1—R)[Bggye™ + Uge1(1 — e-*) — Up gl. (1) 


Here R is the coefficient of reflection from the absorbing layer, Ugej] and 
Urq are Planck's functions at T = Tge,, and T = Tyg (rd = radiation detector) , 
k is the coefficient of absorption or scattering, / is the thickness of the ab- 
sorbing layer, Eso, is the emissive capacity of the source and C is a constant 
dependent on the response of the detector. Usually both the detector and cell 
are at the same (room) temperature; in this case 


Y =C(1— R) (Esou— Uraje™". (2) 
The transmission of the cell is 


prokte 


Y = (14 — R) e*!; (3) 


it depends only on the properties of the investigated substance. 

It will be evident that the indications of the instrument (radiation de- 
tector) may be either positive or negative. The latter case is realized 
with cold sources (Egoy <Urg; Tsoy < Tra = Tcel])- In either case, using (3), 
we can determine the coefficients of absorption or scattering from the curve 


- 1081 - 


recorded by the instrument. Different negative flux 

frequencies are attenuated to different degrees; Buger's 

law holds for negative fluxes as well. 
Fig.2 shows the records obtained by means of an 
IKS-11 spectrometer for the absorption of nitrobenzene. 

Curve a gives the values of Yo, i.e., the indications 

of the instrument with an empty cell and a hot source 
a - in this case the interior of a blackened brass bush- 
c ing heated to 80°, Curve b gives the value of Yo for 
a cold source - the same brass bushing cooled to -100°. 
Reduction of the temperature by 120° (below room tem- 
perature) leads to approximately the same values of Yo 
(with opposite sign) as heating to 60° above room tem- 
perature. The approximate coincidence of the maxima 
and minima in curves a and b is fortuitous and does 
Fig.2. Absorption spec- not occur at other temperatures. Every cold source 
tra of nitrobenzene at (and in particular every cooled metallic surface) has 
different source tem- its own specific "negative" emissive capacity. This 
peratures. characteristic can be utilized for analysis and for 
distinguishing between different objects. 

Curves c and d in Fig.2 give the values of Y for an 
ordinary and a cold source with the cell filled with 
nitrobenzene. The thickness of the layer was 0.05 mn; 
the slit width 1.9 mm. Curves c and d are approximate- 
ly symmetrical with respect to the zero line (horizon- 
tal axis); the frequency positions of the bands are 
essentially the same. The symmetry is approximate and 
is connected with the symmetry of curves a and b. The 
values of the absorption coefficient determined from 
curves a & c and b &d are identical, which is proof 
that cold sources can be used in solving many spectro- 
scopic problems. Similar data were obtained in a num- 
ber of other cases. 


y,c"| 2586 1494 55 963 858,377 


Fig.3. Absorption spec- Frequently, rather complicated regularities are 
tra of cyclohexanone at observed in investigating the temperature dependence 
different source tem- of absorption spectra. In such cases one must also 
peratures. take into account the thermal emission of the cell win- 


dows which are never completely transparent. In some 
cases the detector may give positive readings for certain wavelengths and nega- 
tive readings for other wavelengths. Fig.3 shows the records necessary for ana- 


lysis of the absorption spectrum of cyclohexanone at T = -140°. Curve d charac- 
terizes the thermal emission spectrum of the KCl windows of the empty cell at 
T = -140°, which corresponds to values of Y from (1) at Egoy = Urg, i-e., 


Y =C(1 —R) Ucen— Upg) (1 — e-*!). 


Curve b gives the values of Y obtained with the radiation from a warm 
source passing through the cold cell windows. In this case the source was the 
interior of an electric heater coil at T = 240°. It will be seen that in the 
2800-1600 cm-! and 1300-970 cm-l spectral intervals the values of Y are positive. 
This means that the positive flux from the source, weakened in passing through 
the cell windows (first term in Eq.(1)), exceeds the negative flux from the cell 
(second and third terms in Eq.(1)). In the 1600-1300 cm7! range and below 970 
cm-l the values of Y are negative; consequently, the positive flux is weaker than 
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the negative flux. Curve e in Fig.3 is the record of the thermal emission of 
the cell filled with cyclohexanone; curve c is the record of the flux from the 
source, attenuated in the filled cell, together with the negative flux from the 
cell. This curve is complex and requires special interpretation. 

The cited results indicate that the negative flux concept is a valuable one 
and that its introduction is justified. It allows of giving a correct interpre- 
tation of many experimental facts and extends the range of applicability of most 
common formulas of theoretical optics. 

Recently Veingerov and his co-workers” discovered a negative optical- 
-acoustic effect. This phenomenon readily fits into the general scheme of the 
processes discussed above. 


Belorussian State University & 
Institute of Physics and Mathematics, 
Belorussian SSR Academy of Sciences 
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INFRARED ABSORPTION AND THERMAL RADIATION SPECTRA OF SOME MOLECULAR 
COMPOUNDS IN DIFFERENT STATES OF AGGREGATION 
- 0.V.Fialkovskaia 


One of the more valuable procedures for studying intermolecular interaction 
is investigation of the absorption spectra in different states of aggregation. 
‘fhrough comparison of the absorption spectra one can follow how the optical pro- 
erties of the molecules change under the influence of intermolecular forces as 
the molecules unite to form a crystal. It is useful to supplement such studies 
vith investigation of the absorption spectra in polarized light when the rela- 
tive orientation of the electromagnetic wave vector and the molecule in the crys- 
‘al are known. 2 

We investigated the infrared absorption spectra of naphthalene, anthracene 
and phenanathrene in different states in the region of the fundamental intramole- 
sular vibrations (700 to 1500 cm=1). Im addition to the usually investigated 
states - the gaseous and crystalline, we studied the absorption spectra of these 
substances in the dissolved, molten and polycrystalline states at different tem- 
peratures. This enabled us to follow the appear- 
ance of new absorption bands due to aggregation 
of the molecules, to elucidate the nature of some 
of these bands and to detect the effect of thermal 
radiation of the investigated molecular crystals. 
The observations were carried out at different 
temperatures from -231 to +220° in natural and 
polarized light. All the absorption spectra were 
obtained under identical experimental conditions, 
and in some cases with equivalent layer thicknesses 
(gas, solution, crystal or polycrystal and melt). 
Measurements were made on a Perkin-Elmer Model 
12C infrared spectrometer. The effective slit 
width was 4.3 cm! in the 15 wu. region, 5.6 em71 
in the 12 uw region, 6.5 em~1 in the 10 2 region, 
etc. The accuracy of measurement was +5 em71 at 
2000 cml, +2 cm71 at 1000 cm=! and +1 em=! at 
600 cm=l, 

The scattered light was controlled by means 
of an LiF shutter located between the specimen and 
the light source; this arrangement also took care 
of the parasitic thermal radiation from the heated 
specimen. Inasmuch as the character of the changes 
in the spectra in going from one state of aggrega- 
tion to another is virtually the same for all the 
investigated molecular crystals, we shall confine 
our discussion below to one, namely, anthracene. 
Anthracene crystallizes in the monoclinic system 
- space group C,,° (the symmetry of the free anthra- 
cene molecule is D2). Each unit cell comprises 
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40 mm Hg pressure, b) 1% ferent states of aggregation are shown in Fig.l. 

solution in carbon disul- Through comparison of these spectra, we can dis- 
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and 1454 cm=! and so on. The intramolecular vibra- 
tion frequencies remain virtually the same (within 
the limits of the experimental error) in all three 
non-solid states: gas, solution and melt. 

In analyzing the absorption spectrum of the 
single crystal we paid primary attention to the be- 
havior of some of the absorption bands that change 
their appearance in going from the gaseous to the 
crystal state and to the appearance of new bands 
characteristic of the crystal state. The 726 em71 
band decreases in intensity in the crystal and 
splits into two bands (726 and 740 cm-l). The spli 
ting of this band in non-polarized light is due to 
the presence of differently oriented molecules in 
the unit cells.3 This is substantiated by the ap- 
pearance of the spectra obtained with polarized 
light (see below). In addition there appear in 
the single crystal spectrum a number of new absorp- 
tion bands, low in intensity, but quite narrow and 
sharp; these have no analogs in the spectra of the 
vapor and melt. These bands appear primarily in 
the form of satellites at equal distances (20 to 
24 em71) from the principal intramolecular band. 
The short wavelength satellites are somewhat more 
intense than the long wavelength ones. 

With a view to clarifying the nature of the 
satellites, we felt it would be of interest to 
follow their behavior in going from the crystal 
to the molten state. These experiments were car- 
ried out with polycrystals, which can be had in 
any thickness and moreover in any size up to the 
dimensions of the Globar image. 

Investigation of the absorption spectrum of 
a thick (50 yw) polycrystal at different temperature 
up to the fusion point enabled us to follow the 
appearance and temperature behavior of the newly 
discovered “crystalline” bands (Fig.2). In the 
spectrum of the thick polycrystal there are clearly 
evident not only the bands associated with the 
principal intramolecular vibrations, but also the 


high and low frequency crystalline satellites; as the material goes over into the 
crystalline state these bands develop and broaden and tend to obscure the weak 
bands appearing in the liquid and gaseous state spectra (this makes it easier to 
interpret the crystalline spectrum). 


Intramolecular frequencies, em71 
Satellite frequencies, em~1 


AY, em71 


740 882 956 
7621720 | 904.860} 980|934 
22 20 | 22 22 | 24| 22 


With increasing temperature, the intensity of the satellite increases, true 
with simultaneous increase in the intensity of the continuous absorption back- 


ground. 


In addition to the satellites accompanying the intramolecular bands, we 


observed yet another band with a frequency of 1128 cml, the temperature behavior 
of which is the inverse of that of the satellites,i.e., this band becomes weaker 
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with increasing temperature. Apparently it has an origin different from that 
of the satellites. 

Investigation of the absorption spectrum of an anthracene single crystal 
in polarized light at -231° further substantiated the "crystalline" origin of 
the above mentioned new absorption bands. Most of the new absorption bands4 
of crystal anthracene exhibit weak polarization, i.e., only a small change in 
intensity in going from one polarized component to the other, with the frequency 
of the bands remaining the same. Aside from these, however, we observed a num- 
ber of strongly polarized bands; outstanding among these is the 740 cm71! band 
which corresponds to the 726 cm! band in the spectrum of the gas. Thus in the 
a~component there is evident a very intense band at 742 cm7! and a weak band at 
728 em71l, while in the b-component, on the contrary, the 728 cm7! band is intense 
and the 742 cm=1 band is weak, i.e,, we have here a case of so called Davydov 
splitting’. The band at 1148 cm! band exhibits similar behavior. 

The satellites surrounding the intramolecular bands are also polarized. We 
found that the long wavelength satellites are evinced more strongly in the b- 
component. 

By comparing the absorption spectra for different states of aggregation and 
making use of the results of our temperature and polarization studies, we were 
not only able to follow the process of appearance of the new crystalline bands 
but also to determine their nature. From the fact that the satellites system- 
atically appear at approximately the same small (20-24 cm-l) distance from the 
principal intramolecular bands and from the character of their behavior in polar- 
ized light, we conclude that they appear as a result of coupling of lattice 
vibrations with intramolecular vibrations. As for the strongly polarized bands 
(726 cm-l in the b—component and 742 cm-1 in the a-component), there is reason 
to assume that they have an exciton origin. 
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Fig.3. Thermal radiation spectrum of anthracene (below) compared with the absorp- 
tion spectra of anthracene in different states (above). 
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In investigating the absorption spectra of anthracene in the molten state, 
we observed its thermal radiation. The thermal radiation spectrum of anthra- 
cene (Fig.3) consists of a number of emission bands, whose maxima in conformity 
with Kirchhoff's law coincide with the peaks of the absorption band. 


Institute of Physics, 
Academy of Sciences of the Ukrainian SSR 
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INFRARED REFLECTION SPECTRUM OF BORON OXIDE AT HIGH TEMPERATURES 
- E.P.Markin & N.N. Sobolev 


Earlier a detailed investigation of the vibrational spectrum of boron oxide 
was carried out in our laboratory.1-3 Analysis of the Raman and infrared spec- 
tra together with special calculations showed that for a satisfactory interpre- 
tation of the vibrational spectrum of boron oxide it must be assumed that the 
fundamental structural unit of this material in the glassy state is the By40g 
molecule belonging to the 7, point symmetry group. This was substantiated by 
the results of investigation of the isotope shift in the infrared spectrum of 
boron oxide enriched with B!° and the observed invariance of the fundamental 
frequencies in the Raman spectrum of boric acid in going from the glassy to the 
liquid state. 

In the earlier experiments the infrared absorption spectrum of molten boron 
oxide could not be obtained inasmuch as thin films of the oxide upon melting co- 
agulated into drops. Yet it was felt that data on the infrared spectrum of 
liquid boron oxide might be helpful in understanding its structure. 


Fig.1. Diagram of the set-up used for investigating infrared reflection spectra. 
of substances at high temperatures. 


The present investigation was therefore concerned with the infrared reflec- 
tion spectrum of boron oxide at high temperatures. For the purpose of such 
studies we designed and constructed the set-up diagramed in Fig.l. The modula- 
tion procedure was adopted to eliminate the continuous spectrum emitted by the 
investigated substance and the heater at high temperatures. 

As shown in the figure, a rotating shutter 2 (9 rps) is mounted in front of 
the Silit rod 1. The modulated beam is focused by means of the rotatable plane 
mirror 3, the spherical mirror 4 and the plane nickel mirror 5 onto the surface 
of ‘the boron oxide sample 6. The reflected beam-is focused by means of the sys- 
tem of mirrors 7,8 & 9 onto the vertical plane formerly occupied by the Nernst 
glower of the IKS-11 monochromator (naturally the glower was removed) and direct- 
ed by the illuminating system 10 & 11 into the entrance slit of the monochroma- 
tor 12. The radiation flux from the monochromator is focused by mirror 13 onto 
the bolometer 14 which is connected to the input of an ac amplifier. 4 Hence 
only the modulated radiation is detected and measured. The amplified signal af- 
ter appropriate transformation is recorded on a strip chart by means of an EPP-O9 
potentiograph. 

Results obtained for boron oxide in the temperature range from 20 to 1000° 
are shown in Fig.2. It will be evident from the curves that the 3241, 1542 and 
1184 cm71 bands, observed at room temperatures and belonging to the boric acid 
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5000 3000 2000 15001300 11001000900 800 700 v,cM' forming on the surface of the oxide, dis- 
appear at about 170°. 

In the range from 170 to 1000°, 
there are observed two bands with frequen- 
cies of 1316 and 720 cm-l, with increas- 
ing temperature, the 1316 cm7! band is 
shifted to the side of lower frequencies, 
the displacement attaining 40 cm7! at 
1000°. These bands correspond to the 
1260 and 718 cm7! infrared absorption 
bands of glassy boron oxide? (Fig. 3). 
Thus the principal infrared bandsof boron 
oe 9 oxide, evinced in the glassy state, per- 
sist in the liquid state as well up to 
1000° (viscosity 74 poise)°®. These re- 
sults substantiate the earlier inference 
that the fundamental structural unit con- 
tinues to be the B40g molecule even after 
Fig.2. Infrared reflection spectrum transformation from the glassy to the 


flection, % 


of boron oxide at a) 20°, b) 170° liquid state. 
and c) 1000°, In conclusion, we note that the re- 
viet sults recently published by Harrand® 
pogeed 3008 2000 1500 1200 1000 900 800 700 substantiate the above deduction re- 


garding the molecular structure of 
boron oxide, although Harrand himself 
suggests a different interpretation of 
his data. Measurement of the depolar- 
ization factor 9 of the fully symmetri- 
cal 808 cm-1 line of glassy boron oxide 
showed that p = 0.63.1 Yet the fully 
symmetrical vibration of the B40g mole- 
cule if its point symmetry were 7, 
should give 9 = 0. 

The appreciable depolarization of 
the 808 cm! line of glassy boron oxide 
might be explained by the large unre- 


Reflection, % 


Absorption, % 
’& 
S 


Fig.3. Infrared reflection spectrum of movable anisotropy of the specimen. 
liquid boron oxide at 1000° (solid curve) In going over to the liquid state, one 
and infrared absorption spectrum of should then expect a decrease in the 
glassy boron oxide (dashed curve). degree of polarization. This is what 


was observed in the work of Harrand: 
the depolarization factor of the 808 cm7! line of liquid boron oxide proved to 
be 0.2. Thus the work of Harrand, in agreement with our results, substantiates 
the molecular structure of boron oxide in the liquid as well as in the glassy 
state and indicates that the B40, molecule has the point symmetry Tq. 


"P.N, Lebedev" Physical Institute, 
Academy of Sciences of the USSR 
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INFRARED ABSORPTION SPECTRA OF MOLECULAR COMPOUNDS WITH METAL HALIDES 
- A.N,Terenin, V.N.Filimonov & D.S.Bystrov 


A characteristic attribute of AlCl3, AlBrg, SnCly and certain other metal 
nalides,which act as efficient catalysts for many chemical reactions,is the 
ability of their molecules to link up with other organic and inorganic molecules 
at the point of excess electronic density produced by free electron pairs on the 
Y, 0 and S atoms or by the x-electrons of double bonds. The electron acceptor 
properties of metal halides are due to the presence of a vacant orbit in the 
valence electron shell of the metal atom, an orbit which can readily be filled 
oy a free electron pair belonging to the atom of another molecule with the form- 
ation of a donor-acceptor bond. 

For the purpose of understanding the mechanism of molecular activation by 
netal halides, it is important to investigate the vibrational spectra of molecu- 
lar compounds formed by the halides inasmuch as such spectra can yield informa- 
tion on the structure of these compounds and the changes occurring in the com- 
Dining molecules under the influence of the metal halides. 

We investigated the infrared absorption spectra of molecular compounds of 
YO, acetonitrile, pyridine, acetaldehide, acetone, acetyl chloride, ethyl ace- 
tate, diethyl ether, methanol and cyclohexane with AlBrg3, AlCl3, SnCl4 and some 
other metal halides. In most cases the molecular compounds were investigated 
in the solid state and were prepared by the method of absorption of the vapor 
of the organic compound (gaseous NO) on the sublimated layer of the halide. The 
peg pantal procedure and some of the initial results have been described earli- 
ar. 

The characteristic 1876 cm~! vibrational frequency of NO is shifted upon 
formation of molecular compounds of NO with AlBrg and SnClq4 to 2142 and 2200 em71, 
respectively. Such an appreciable increase in frequency can be explained, in 
our opinion, by partial transfer of the NO valence electron to the halide mole- 
cule, as a result of which the bond between the N and O atoms approaches a 
triple one: N=0+. It is known, for example, that in compounds where NO is pres- 
ent as a positive ion (NOtHSO4~, NOtC104~, etc.) the frequency of its valence 
vibrations is greatly increased. 

We also observed an increase in the frequency of the valence vibration of 
the interacting group in the molecule upon addition of a metal halide in the 
case of acetonitrile. The 2267 cm-1 frequency of C=:N is increased in compounds 
with AlBrs3, AlCl, and SnCl, by about 65 cm71; at the same time the 919 em71 fre- 
quency of C—C is increased 20 or 40 cm71, 


- 1090 - 


Upon the addition of AlBrg to acetaldehyde molecule, the greatest change 
is exhibited by the valence vibration frequency of C=0, which is reduced from 
1765 cm! to 1665 cml. The other frequencies of the acetaldehyde groups change 
appreciably less. Considerable decrease of the carbonyl group frequency (85 
and 75 cm7l) occurs incident to the formation of molecular compounds of acetone 
with AlBrg and SnCly. Apparently in such cases the metal halides link up with 
the carbonyl groups of the organic molecules. In the absorption spectrum of the 
molecular compound of A1Cl3 with acetyl chloride, according to data of Susz & 
Wuhrmann® and our results, instead of the 1820 cm7! band, associated with the 
valence vibrations of C=0, there appear new absorption bands at 2210 and 2315 
em, These bands apparently belong to vibrations of the C==0+ bond forming as 
a result of linking up of the AI1Cl. with the Cl atom of acetyl chloride and trans 
formation of the molecular eonooune to the ionic form: H3C—C==0tA1C1,". 

The formation of molecular compounds of ethyl acetate with AlBrs, AIC1le, 
SnCl4 and TiCl4 leads to the disappearance of the 1745 and 1250 cm-1 absorption 
bands associated, respectively, with the valence vibrations of the C=0 group 


C 
and the antisymmetrical valence vibrations of the eo group of ethyl acetate. * 
0 


Instead of these bands, there appear in the absorption spectrum two intense bands 
at 1605 and 1335 cm-l in the case of molecular compounds with the aluminum halide 
and at 1630 and 1320 cm~! in the case of the compounds with SnCly and TiCly. The 
other frequencies of ethyl acetate exhibit little change. Such changes in the 
vibrational spectrum of CH3COOC9Hs5 cannot be explained by attachment of the ha- 
lides to the ether oxygen of the ethyl acetate. Actually in this case one could 
expect only an insignificant change in the C=-0 frequency and a minor reduction 
C 
of the frequency of vibration of the b= group. 


The vanishing of the 1745 cm71 band and the appearance in its stead of a new 
band shifted 140-115 em! to the side of lower frequencies indicate that the 
metal halide molecule interacts with the carbonyl group of ethyl acetate. The 
new band is apparently due to vibration of the C=0 group disturbed as a result 
of attachment to it of an electron acceptor agent; the frequency position of the 
new band approximately coincides with the position of the C=0 band of acetone 
and acetaldehyde in molecular compounds with AlBrg and SnCly. This new band 
might also be attributed to vibrations of a C=C bond forming as a result of 
transition of the ethyl acetate molecule into the enol form. However, the fact 
that there is no evidence of the CH valence frequencies characteristic of the 
==CHp group in the spectrum indicates that this transition does not occur. The 
appearance of the new band at 1320-1330 em7! must apparently be explained by in- 


crease of the 1250 cm71l frequency of the ye group owing to weakening of the 
neighboring C==0 bond. ) 

‘Comparison of the infrared spectra of molecular compounds of cyclohexane 
with AIBre, AlCl. and SnCl, with the absorption spectrum of pure cyclohexane 
shows that the metal halides have a particularly strong influence on the 1650 
em) frequency of C=C in cyclohexane, i.e., reduce it to 1525-1535 em71, At 
the same time the 3025 cm71 band associated with the valence vibrations of CH 
in the =CH groups of cyclohexane disappears. The other frequencies of cyclo- 
hexane change much less. Such changes in the cyclohexane spectrum can be ex- 
plained either by formation of a n-complex with symmetrical attachment of the 
halides to the double bond or by formation of a molecular compound of the type 
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CH, 

H,C CH 

HG q AIBr; ° 
CH, 


Evidence in favor of the first hypothesis is the magnitude of the decrease 
of the C=C frequency, which is approximately equal to the decrease of the double 
bond frequency in complexes of ethylene, propylene and butylene with PtClg, where- 
in s-electron interaction is inferred.® On the other hand, the great intensity 
of the 1530 cm-! band as compared with the intensity of the 1650 cm7! band in 
pure cyclohexane and the disappearance of the 3025 cm7! band support the second 
hypothesis. In this case the 1530 em71 frequency must be attributed to vibra- 
tions of the semipolar C—C bonds. 

Studies® of the Raman spectra of pyridine in different solvents have shown 
that some of the frequencies of pyridine increase in a regular manner with en- 
hancement of the proton-donor properties of the solvent. Thus, for example, the 
988 cm-l frequency associated with the fully symmetrical vibrations of the pyri- 
dine ring increases by 8, 12, 12, 18 and 18 cm~! when pyridine is dissolved in 
water, ethyl alcohol, chlorophenol, formic and acetic acid, respectively. In 
Cs5Hs5NHtC1- aqueous solutions this frequency is increased by 19 em-!, In the 
molecular compounds of pyridine with AlBr3, A1Cl3, SnCly, Ticl,, SnI,, FeCl, 
and BiCls investigated by us,the 988 cem71 frequency was increased by 32, 32; 29, 
25, 24, 22 and 18 cm71, respectively. 

The sequence of halides arranged in order of increasing shift of the pyri- 
dine frequency is (except for FeCl3) identical with the sequence of metal halides 
arranged in order of increasingly stronger acidic properties as determined by 
means of electronic absorption spectra’. The greater frequency shift observed 
in the case of the metal halides investigated by us indicates that they possess 
stronger electron acceptor properties than the molecules of the protonic acids 
enumerated above. Thus changes in the infrared spectrum show that attachment 
of metal halides to organic molecules produce in these the same changes as 
the addition of a proton, i.e., that Al, Sn, Ti and Fe halides, even in the ab- 
sence of corresponding hydrogen halides, behave like strong acids. 


Scientific Research Physical Institute, 
"A.A, Zhdanov" Leningrad State University 


References 


1. V.N.Filimonov & A.N.Terenin, Doklady AN SSSR, 109, 799 (1956); V.N. 
Filimonov, D.S.Bystrov & A.N.Terenin, Optika i spektroskopiia , 3, 480 (1957). 

2. W.R. Angus & A.H.Leckie, Proc.Roy.Soc.A, 149, 327 (1935). 

3. B.P.Susz & J.Wuhrmann, Helvetica chim.acta, 40, 971 (1957). 

4. S.A.Francis, J.Chem.Phys., 19, 942 (1951). 

5. J.-Shatt & L.A.Duncanson, J.Chem.Soc., 2939 (1953); H.B.Jonassen & 
J.E.Field, J.Amer.Chem.Soc., 79, 1275 (1957). 

6. R.Mierzecki, Acta phys.polonica, 12, 26 (1953); B.R.Lakshmanan, J.Indian 
Inst.Sci., 36, 91 (1954); P.Chiorbolis, Ann.Chimica, 47, 443 (1957); G.K.Kastha, 
Indian J.Phys., 30, 519 (1956). 

7. D.L.Hawke & J.Steigman, Anal.Chem., 26, 1989 (1954). 


- 1092 - 


TOWARDS A CLARIFICATION OF THE ‘HYDROGEN BOND’ CONCEPT 
- V.M.Chulanovskii 


Investigations of the hydrogen bond have been going on for several decades. 
Nevertheless, no one so far has come up with a fully acceptable definition of 
the concept. In fact, it is still impossible to give the precise experimental 
indications or factors that distinguish this type of intermolecular bond* from 
others. It is interesting to note that this was not done even at the Inter- 
national Symposium on the Hydrogen Bond held in July 1957 in Ljubljana (Yugo- 
slavia) although a special session was devoted to the question. 

In its extreme manifestations the hydrogen bond has a very pronounced effect 
on different properties of matter. Spectroscopically, in such cases it is evinc- 
ed by a very large shift (to the side of low frequencies) of the principal valence 
vibration band of the XH group of the molecules joined by the hydrogen bridge and 
also by the great intensity of the band. 

However, neither these effects nor any other can be regarded as distinctive 
experimental indications characterizing the hydrogen bond exclusively. Thus, 
the frequency shift may be rather large (CHCl3 in diethyl ether) or negligible 
(same CHCl3 in dioxane or acetone), although in other respects the hydrogen bond 
is evinced in approximately the same way. An appreciable increase in intensity 
characterizes the formation of a saturated intermolecular bond and occurs in 
cases when the hydrogen atom does not directly participate in the bond. 2 

The purpose of the present paper is to call the attention of investigators 
working on intermolecular interactions to experimental manifestations of the 
hydrogen bond that are characteristic only of it and to relate these manifesta- 
tions with the particular attributes of the hydrogen atom that distinguish it 
from other atoms. 

The first obvious indication of formation of a saturated hydrogen bond 
should be an appreciable increase in the intensity of absorption at the funda- 
mental of the valence vibrations of the XH groups that participate in the inter- 
molecular bond.1»2 

Other indications characteristic of the hydrogen bond should be sought in 
manifestations of those properties of the XH group that are associated with or 
dependent upon the very small size of the hydrogen nucleus, the proton. 

The hydrogen bond is evinced particularly clearly in cases when the hydro- 
gen atom is linked with a halogen or oxygen atom. Let us consider the first 
case, in which comparison of the hydrogen atom with monovalent alkali metal at- 
oms, which have a much larger core, is particularly simple and straightforward. 

A common attribute of hydrogen-halide (HalH) and metal-halogen (HalMe) 
compounds is that upon being dissolved they break up into ions. The facile 
electrolytic dissociation is indicative of the ionic character of the molecular 
bonds in both types of compounds. 

On the other hand, we know that the molecules of these two types of compounds 
cannot be described by the same model. In order not to complicate the discussion, 
we shall have recourse to the rough characteristic of the electron shell of the 
ions composing the molecules commonly used in such cases, namely, the magnitude 
of its radius. The properties of all alkali halide molecules are satisfactorily 
described by the model pictured in Fig.1,a in which the distance R between the 
ionic cores is equal to the sum of the ionic radii: 


R= rj + Yo. 


Comparison of the distance R with the radius r of the negative halogen ion 
in HalH molecules (Fig.1,b) leads to the inequality R< r, that is, in this case 


Fame en Se 5s ; : 
In this article we do not consider intramolecular hydrogen bonds. 
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'- po a the proton is located inside the Hal™ elec- 
- tron shell. 
The closer the partner element to the 
r; is beginning of the given row in the periodic 
table, the deeper the penetration of the 
age R proton into its electron shell and hence 
Z 5 the weaker the manifestation of the hydro- 
gen bond. In going from elements in the 
Fig.l. a) Model of HalMe mole- first row to lower lying ones one must bear 
cule, b) model of HalH molecule. in mind the deeper penetration of the proton 


5! into their atomic shell. In this case, too, 
the manifestation of the hydrogen bond becomes weaker. 

Thus the penetration of the proton into the electron shell of the partner 
atom is in itself not sufficient to characterize the hydrogen bond. There are 
a number of other supplementary effects that might be mentioned. 

1. In an earlier investigation? devoted to the valence band (“1030 cm71l) 
of the C—O group in methyl alcohol and its solutions, it was shown that upon 
formation of a hydrogen bridge by the OH group, there appears a new band which 
is also associated with the valence vibrations of the CO group. It is located 
about 84 cm! to the high frequency side of the ~1030 cm-! band. This displaced 
band disappears when the hydrogen bridge breaks up in the solution or vapor 
state. To explain this unusual, as regards both magnitude and direction, dis- 
placement of the C—O band, it was suggested that upon withdrawal of the proton 
from the oxygen nucleus as a result of formation of the hydrogen bond, the elec- 
tron shell is shifted towards the carbon atom, strengthening the C—O bond and 
increasing the frequency. 

The experimental indication of the hydrogen bond in this case is increase 
of the wave number of the band associated with the neighboring bond and the ex- 
planation of this effect should be sought in reduction of the screening of the 
proton by electrons bound to the oxygen nucleus incident to formation of the 
hydrogen bridge. 

2. Upon formation of a hydrogen bond between carboxylic acid, alcohol and 
diethylamine molecules, there is observed at the first and higher overtones of 
the valence vibrations of the XH group an anomalously large decrease in intensi- 
ty. Thus even in a 50% solution of phenol in CCl4, the absorption band of the 
associated molecules at the fundamental appreciably exceeds the intensity of the 
band characteristic of phenol molecules not linked by a hydrogen bridge. The 
opposite effect is observed at the overtones. 

A similar effect is observed incident to the formation of mixed associa- 
tions when a hydrogen bond forms, for example, in solutions of chloroform or bro- 
moform in pyridine,quinoline, diethyl ether, acetone, etc.2,4 

This effect was explained by Mecke® as the result of increased ionicity in 
connection with formation of hydrogen bonds, which in this case is equivalent to 
reduction of screening of the proton by the electron shell of the partner. 

This interpretation of the described effect can yield additional informa- 
tion on the structure of molecules capable of forming a hydrogen bridge. Thus, 
it follows from the above that in chloroform and bromoform molecules the proton 
is buried in the 8-electron cloud of the carbon atom. Under the influence of 
active solvents the proton emerges from this shell (the electron screening di- 
minishes) and there is observed a corresponding anomaly at the first overtone 
(zero intensity of the band of the associated molecules). Under the influence 
of other, inactive solvents (CCl4, hexane and chloroform and bromoform them- 
selves), there are no indications of a saturated bond and hence no intensity 
anomaly at the first overtone. It may be assumed, therefore, that in this case 
hydrogen bonds are not formed. 
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Fig.2. a) Concentration dependence of the absorption coefficient ¢€ of the val- 

ence band of the C=0 group for solutions of acetone in n-octane with different 

volume concentrations Cy: 1 - C, = 100%, 2 - 50%, 3 - 10%, 4 - 1%; b) same for 
the first overtone: 1 - Cy = 100%, 2 - 30%, 3 - 10%. 


Finally, it has been noted that in the known cases of strong associations 
of the saturated type, yielding an intense vibration band at the fundamental of 
the valence vibrations, but not containing hydrogen atoms in the intermolecular 
bond, there is no anomaly at the first overtone. 

G.S.Denisov in our laboratory investigated the spectra of acetone which 
normally associates to the extent of about 35% in the pure liquid form. He ob- 
served an appreciable decrease in the intensity of the principal valence band of 
the C==0 group when the acetone was dissolved in normal octane with resultant 
break-up of the associated molecules (Fig.2,a). At the first overtone of the 
same vibrations, as may be seen from Fig.2,b, the intensity is virtually inde- 
pendent of the concentration, i.e., there is no anomalous reduction of the ab- 
sorption due to the presence of associated molecules. A similar effect was ob- 
served in our laboratory by E.L.Zhukova for solutions of acrylonitrile in CCly. 

It is possible that the very great increase in intensity at the fundamental 
of the valence vibrations of the XH group in associated molecules cannot be ex- 
plained solely by increase of ionicity, as inferred by Mecke®. Regardless of 
whether other factors are or are not involved, we can obviously consider the de- 
scribed anomalous decrease in intensity in going from the fundamental to the 
overtone as an experimental indication of the intermolecular hydrogen bond. 

3. In his report presented at the Ljubljana symposium, Popl' indicated that 
the formation of a hydrogen bridge also produces appreciable changes in nuclear 
magnetic resonance. These changes are interpreted by Popl' as being the result 
of diminished screening of the proton by the electron shell. 

The above facts are still too scanty and fragmentary to allow of giving a 
satisfactory definition of the hydrogen bond concept. Undoubtedly further in- 
vestigations will make it possible to supplement and correct some of the above 
statements. However, juxtaposition of the above data may be useful for system- 
atic work in the direction of interest to us. The common but independently ar- 
rived at explanation of the observed effects as being the result of an appreci- 
able decrease of screening of the proton by the electron cloud of the partner 
appears to be plausible. In particular, it gives us some idea why the outward 
manifestation of the hydrogen bond becomes weaker in going from elements in the 
first row of the periodic table to those lying lower, i.e., to elements with an 
electron shell of larger size. 
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In this case, just as in the case of going from the upper right hand corner 
(from fluorine) of the periodic table to its left edge, the degree of participa- 
tion of the hydrogen bond in the actual intermolecular binding decreases and the 
aydrogen bond concept becomes increasingly more difficult to define succinctly. 
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INVESTIGATION OF THE HYDROGEN BOND IN GLYCOLS AND CATECHOLS 
- V.I.Malyshev & V.N.Murzin 


The study was concerned with intermolecular and intramolecular hydrogen 
bonds in a number of compounds, the molecules of which contain two hydroxyl 
groups. The investigated compounds were selected so that the conditions of in- 
tramolecular interaction of the hydroxyl groups would be different. Specifical- 
ly, we investigated the infrared spectra of 

a) glycols: ethylene glycol, 1,3-butylene glycol and 1,4-butylene glycol, 
as well as pinacol, and 

b) catechols: hydroquinone, resorcinol and pyrocatechol. 

The distance between the hydroxyl groups and the relative arrangement of 
these groups differ in these substances. In addition, for purposes of compari- 
son, we investigated the spectra of ethylene chlorohydrin, quaiacol, o- and m- 
nitrophenol and benzoin, the molecules of which differ from those listed above 
in that in them one of the hydroxyl groups is replaced by a different atom or 
radical. 

The measurements were made in the regions of the fundamental (3200-3600 em71 
and the first overtone (6200-7100 cm7!) of the vibrations of the H-0 group. The 
enumerated substances were investigated in two forms: in the pure (100%) form in 
the liquid or solid state and in the form of weak (~0.1%) solutions in carbon 
tetrachloride. The absorption spectra were recorded at different temperatures 
in the range from 20 to 250°. 

In the regions of the fundamental and first overtone, there are observed 
in the spectra of the pure substances wide bands associated with vibrations of 
the H-O group, perturbed due to formation of intermolecular hydrogen bonds. 

It was found that the shape of these bands in the region of the fundamental 
differs from the band shape in the region of the first overtone. In the spectra 
of most of the investigated substances the band in the region of the first over- 
tone has a complex structure with two distinct peaks, the relative intensity 

of which differs for different compounds. In glycol spectra these peaks are 
observed at about 6630 cm7! and 6300 cm=1; in the catechol spectra at about 6930 
and 6680 cm-l, Furthermore, the relative intensity of these peaks depends on 
the temperature: with increasing temperature the intensity of the longer wave- 
length maximum decreases, that of the shorter wavelength increases. At elevated 
temperatures there also appears at ~7100 cm71 a narrow band due to unperturbed 
vibrations of the H-O group. A similar picture was observed by us and a number 
of other investigators in the spectra of alcohols and carboxylic acids. In the 
case of alcohols these two peaks correspond to the two peaks at ~3500 cm=1! and 
~3300 emt observed in the spectra of weak solutions of alcohol in CCl, in the 
region of the fundamental. 

In the region of the fundamental, the band associated with perturbed vibra- 
tions of the H-O group in the spectra of most of the investigated substances has 
only one peak at ~3300 em7l, corresponding to the longer wavelength maximum of 
the first overtone band. Only in the spectra of resorcinol, pyrocatechol and 
quaiacol does this band have two peaks. To explain these results, it may be 
hypothesized, first, that in these substances there exist two different forms 
of intermolecular interaction, differing as regards the degree of perturbation 
of the H-O vibrations and, consequently, as regards bond energy, and, second, 
that the relative magnitude of the molecular absorption coefficients of these 
two forms of perturbed vibrations differs in the region of the fundamental from 
that in the region of the first overtone, which means that the two forms of 
interaction differ in character. Further, it is assumed that the interaction 
characterized by the lesser perturbation of the H-O vibrations is primarily 
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interaction of the hydroxyl group of one molecule with the oxygen atom of another 
molecule (hydrogen bond proper). The interaction characterized by the stronger 
perturbation and, consequently, the higher bond energy is due to simultaneous 
interaction or coupling of two hydroxyl groups, belonging to different molecules, 
in the case of some particular relative orientation of these groups (hydroxyl 
bond). The above assumptions allow of explaining all the observed experimental 
facts pertaining to the intermolecular interactions of molecules containing one 
or two hydroxyl groups. : 

In the spectra of dilute solutions of glycols, pinacol and pyrocatechol in 
CCl, there are observed two comparatively narrow bands associated with absorp- 
tion of the H-O groups of isolated molecules both in the region of the funda- 
mental and in the region of the first overtone. The frequency of one of these 
bands is virtually the same (~7100 cm!) in the spectra of all the investigated 
substances, while the frequency of the other, shifted band, its width and intensi- 
ty differ in different substances. The width of the shifted band increases with 
the magnitude of its displacement. Moreover, the relative intensity of this 
band in the spectrum of a given substance differs in the region of the fundament- 
al from the intensity in the region of the first overtone (the intensity is 
greater in the region of the fundamental). 

The presence of two H-O vibration bands in the solution spectra indicates 
the existence in these substances of two molecular configurations with different 
relative orientations of the hydroxyl groups. In one of these configurations, 
the hydroxyl groups are isolated from each other, while in the other they inter- 
act with each other, perturbing the H-O group vibrations. 

It is significant that, contrary to expectation, the degree of perturbation 
of the H-O vibrations increases with increasing distance between the hydroxyl 
groups in the molecular chain. Thus the band shift in the spectrum of ethylene 
glycol is ~40 em71, in 1,3-butylene glycol ~80 cem71 and in 1,4-butylene glycol 
~170 cm-l. This gives reason to infer that by virtue of the possibility of free 
rotation about the C—C and C—0O bonds, one of the possible configurations of 
the 1,3- and 1,4-butylene glycol molecules is such that the distance between the 
hydroxyl groups is small and they interact with each other. Specifically, in 
the case of 1,4-butylene glycol, the molecule does not have the usual zig-zag 
chain form but is rather a ring closed by virtue of the interaction of the hy- 
droxyl groups located at its end. 

Among the catechols two bands are observed only in the spectrum of solution 
of pyrocatechol; only one band is distinguishable in the spectra of resorcinol 
and hydroquinone. This shows that, as might be expected, interaction between 
the hydroxyl groups is realized only in the orthopositions. 


"G,S, Landsberg’ Optical Laboratory, 
"P,N. Lebedev" Physical Institute, 
Academy of Sciences of the USSR 


- 1098 - 


STRUCTURE OF THE OH VIBRATION BAND IN THE SPECTRA OF CRYSTALS 
CONTAINING HYDROGEN BONDS 
- A.I.Stekhanov 


At present relatively little is known regarding the appearance of the OH 
vibration band in the Raman and infrared spectra of crystals. The available 
experimental data indicate that in most cases in the region of the OH group 
vibrations in the spectra of crystals there appears a diffuse band having a 
width of a few hundred cm=1, In the spectra of some crystals containing water 
of crystallization a few wide low intensity maxima can sometimes be discerned 
against the background of the OH band.1-3 

The present work was devoted to a careful investigation of the Raman and 
infrared absorption spectra of over 20 crystals at room and low temperatures for 
the purpose of studying the intensity distribution in the OH band, inasmuch as 
this is important from the standpoint of investigation of the hydrogen bond. 

We found that the valence vibrations of the OH group are evinced in the 
spectra of all the investigated crystals in the form of a very wide band with a 
complex structure. The structure is revealed particularly clearly at low tempera: 
ture: in this case instead of the usual wide OH band there are observed indivi- 
dual narrow bands and sharp lines. 

Particularly noteworthy are the following characteristic features of the 
discrete structure of the OH band. First, in the spectra of some crystals, in 
addition to the intense lines in the band, there is evinced a fairly numerous 
group of weaker lines. Further, in all the investigated crystals the intense 
lines either form doublets or are observed in the form of individual lines; the 
latter usually appear at the short wavelength edge of the OH band. 

Thus at room temperature, in the region of the OH vibrations in the Raman 
spectrum of selenite* there appears a band having a width of over 650 em71, 
Near the center of the band there are discernible two intense lines with fre- 
quencies Yj = 3405 and Yo = 3495 cm71,3 When the gypsum crystal is cooled to 
liquid nitrogen temperature, the intensity of the band is greatly diminished 
and against the weak residual background there appear, in addition to the in- 
tense Vy and Yop lines, six weak but sharp lines arranged symmetrically with 
respect to \j and Vg. The spectrum of Rochelle salt contains two doublets 
(3280-3345 cm=1 and 3405-3471 cm71) and a line at 353 cm7!, 

Two doublets and a single line (3263-3322 cm-l, 3396-3453 em~1 and 3559 
em71) are also evinced in the Raman spectrum of sodium dihydrogen phosphate. 

In our opinion, the most probable cause of the doublet structure is the 
proton tunnel effect? which, apparently, may be realized in crystals containing 
hydrogen bonds. The presence of weak lines in the band region may be explained 
by coupling of the intramolecular vibrations with translational intermolecular 
vibrations of the water molecules in the crystal. 
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INFRARED ABSORPTION SPECTRA OF ORGANOLITHIUM COMPOUNDS. 
THE INTERMOLECULAR LITHIUM BOND 
- A.N.Rodionov, D.N.Shigorin, T.V.Talalaeva & K.A,Kocheshkov 


Investigation of the vibrational spectra of organolithium compounds of the 
1—Li and R—O—Li types is important from the standpoint of establishing the 
structure of these compounds and clarifying the nature of intermolecular coupling, 
articularly, the hydrogen bond. ; 

Earlier one of usi-8 investigated a number of systems with a hydrogen 
‘A--H->:*B) and a metal-element bond (e—Me-+-e). It was shown that in triatomic 
i—-H-- -B systems without x-electrons the bands associated with the A—H--- val- 
nce vibrations slightly displaced, weakly diffused and have integral intensities 
mly slightly greater than those of the free radical. In this case the hydrogen 
yond energy E is determined primarily by the acceptor-donor interaction energy 
ia (N.D.Sokolov) and to some extent by dipole interaction, i.e., E = Eg + Eq- 

Furthermore, it was established! that in triatomic systems with x-electrons 
fhe situation differs radically from that in the preceding case. The A—H--. 
r~alence vibration bands are sharply shifted to the side of long wavelengths and 
strongly diffused. In systems with x-electrons the hydrogen bond energy is given 
y E= Eg +E, + E,; that is, there appears an additional term, E,, which takes 
into account the contribution of the hydrogen atom to the n-electron interaction. 

In the studies referred to above, the distinctive characteristics of the 
iydrogen bond in compounds with nx-electrons are explained on the assumption that 
che p* orbit of the hydrogen atom is directly involved in the formation of the 
lydrogen bond; it was inferred that consequently the hydrogen atom interacts 
simultaneously with the x-electrons of all the nearest neighbors and through 
shese with the x-electrons of the entire molecule. The alteration of the p* orbit 
xf the hydrogen atom in the molecule is realized by virtue of deformation of its 
2lectron cloud in the direction normal to the bond (o—>x deformation). Thus in 
sche formation of hydrogen bonds in molecules such as tropolone, acetylacetone, 
Y-oxyanthraquinone, and the like the magnitude of the energy E, plays the decis- 
ive role. In the case of a metal-element bond, the metal atoms (Li, Mg, Al, etc.) 
2ither already have valence electrons in the p-state or can acquire such electrons 
vith a minimal expenditure of energy. Hence the participation of the p orbit of 
1 metal atom in the formation of a metal-element bond,e—Me--+-e,should occur with 
rreater facility than in the case of hydrogen. 

Investigation of the vibrational spectra of intracomplex compounds? has gen- 
2rally substantiated the above argument. Hence it may be asserted that the E, 
-erm in the expression for the metal-element bond energy Eye---e = Eg + Eg + EL, 
vyhich determines the importance of the role played by the n-electron of the metal 
atom in the x-electron interaction, is the most important, decisive term. Ob- 
jiously, the distinctive attributes of the lithium atom (its small radius, rela- 
tively low ionization potential, the relative ease of utilization of the p orbit) 
nake it particularly effective in forming e--Li++*e bonds, i.e., more active in 
this sense than hydrogen and other metal atoms. Hence it is of particular inter- 
2st to investigate e—Li---e bonds in different systems, in systems both with and 
yvithout x-electrons. 

Through investigation of the infrared spectra of compounds of the R—Li and 
t—-O-—-Li types we discovered and studied the effect of formation of lithium bonds 


»9f the types Sols |e ee and SS ee i ae Of particular interest 


is the investigation of the intermolecular phy ae bond in view of the fact 
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that it can form without acceptor-donor interaction. 

The compounds used in the present investigation were synthesized and puri- 
fied by the procedures developed by Kocheshkov and his co-workers.9;10 The com- 
pounds were investigated in the form of vapors, solutions and powders suspended 
in vaseline oil. The spectra of the investigated compounds are shown in Figs. 

1 & 2. 
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Fig.l. Infrared spectra of a) methyllithium and b) ethyllithium. Solid lines - 
crystals in vaseline oil; dashed lines - vapors. 
Fig.2. Infrared spectra of solutions of ethyllithium in benzene; a - 0.9 N solu- 
tion of LiCgHs in benzene at different temperatures: 22° (1), 48° (2), 79° (3); 
b ~ solutions in benzene with different LiCjHs concentrations: 0.8 N (1), 0.4 N 
(2) and 0.2 N (3). 


The 1052 cm7! and 1092 cm-1 bands in the methyllithium vapor spectra obvi- 
ously correspond to the x and Yg frequencies characteristic of the free C—Li 
group (Table 1). 


Table 1 
eS 
Compound | Vs (Gy) | Ve (e) | v2 (dx) | vs (e) | vy (dx) V4 (e) 
CH3Li 1052 1092 1383 1490 2875 2980 


Investigation of the spectrum of LiCH3 powder suspended in vaseline oil 
brought out a new diffuse and very intense band with a principal peak at ~820 cm 
We attribute this band to C—Li+*:++ groups participating in the formation of inter 
molecular lithium bonds. A similar picture was observed in the spectra of ethyl 
lithium vapor and crystals. In the spectrum of LiCjH, powder there is a broad 
intense band with a complex structure extending from 882 to 940 cm-l. This band 
does not appear in the vapor spectrum and hence can be attributed to the valence 
vibrations of the C--Li++-- group participating in the formation of the intermole- 
cular lithium bond. The relative intensity of the 1052 cm-1 band in the vapor 
spectrum is appreciably greater than its intensity in the spectrum of-crystalline 
LiC9H5- Hence there is good reason to assign this band to the valence vibrations 
of free C—Li groups. 

The above band assignments are substantiated by the character of the spectra 
of solutions of ethyl lithium in hexane and benzene. In freshly prepared solu- 
tions of ethyl lithium in benzene, the 1050 cm~! band associated with the free 
C—Li radicals has a low intensity, while the 875 and 926 cm=! bands, which we 
associate with C—Li-++ groups in different associations, are very intense. This 
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ndicates that in such benzene solutions almost all the molecules are associated, 
orming two different types of complexes (possibly dimers and hexamers). With 
ncreasing dilution,the relative intensity of the 926 cm! band diminishes, that 
£ the 1050 cm7! band increases, while that of the 875 cm=! band remains virtual- 
y constant. In the spectra of aged LiCo9Hs solutions and also fresh solutions 
eated to 709, the relative intensities of these bands are modified (see Fig.2,a). 
t may be assumed that the 875 cm-! band pertains to the C—Li:--> group in dimers 
nd the 926 cm71 band to the C—Li--- group in hexamers. Investigation of the 
pectra of LiC2gH, in hexane shows that the fraction of unassociated molecules is 
reater than the fraction of associated molecules and that the latter decreases 
harply with dilution. 

Dodecyllithium dissolved in hexane exhibits analogous behavior. In dodecyl- 
ithium solutions the relative intensity of the 927 cm-l band, associated with 
he C—Li--- groups, decreases with increasing dilution, while the relative in- 
ensity of the 1052 cm-l band, which we associate with free C—Li radicals, in- 
reases. Thus the molecules are associated in a different way in crystals 
chains) as compared with solutions (rings). The degree and character of as- 
ociation in solutions depend greatly on the nature of the solvent. 

Cryoscopic datal2,13 are in agreement with our results. It follows from 
ur data that the dipole moment of LiC9Hs5 measured in diluted hexane solutions 
ust approach the dipole moment of the free molecule. Certain data obatined by 
»~N.Vasil'eva (private communication) substantiate this deduction (uu = 1.1 Dp). 
he question of the nature of the rings forming in solutions will be considered 
na later contribution. 

We also detected frequencies in the 2756-2805 em71 region in the spectra of 
iC2H5; we tentatively attribute these to the CHy groups, the carbon atom of 
hich participates in the formation of the intermolecular lithium bond. Calcu- 
ation of the C—Li bond energy on the basis of the 1050 cm-l frequency using 
he harmonic oscillator model (and the bond energy vs elastic constant curve) 
ields a value of about 65 Kcal. Thus comparison of the spectra of vapors, solu- 
ions and powders suspended in vaseline oil and analysis of the molecular vibra- 
ions allows of determining the frequencies of the valence vibrations of the 
—-Li groups, both free and involved in lithium bonds (Table 2). 

The C~—Li frequency assignments given by Brown & Rogersl4 are questionable. 
n investigating the infrared spectra of compounds of the R—Li and R—0O—Li 
ypes, we detected the formation of intermolecular lithium bonds: —Li+*::C— 
nd —Li**:O—. The —Li+**C— bond is stable (AV/) = 12-19%) despite the fact 
hat it forms without acceptor-donor interaction. The —Li:*::0— bond is even 
ore stable. 

As noted, the —Li**:C— bond forms without participation of acceptor-donor 
nteraction. This raises the question of the nature of this bond. It is known 
hat electrostatic interaction cannot wholly explain the formation and proper- 
ies of such intermolecular bonds. Apparently, the explanation must be sought 
n the specific nature of the lithium atom (small radius, low ionization poten- 
ial, etc.). It may be that in the given case the nature of the lithium bond is 
letermined primarily by direct interaction (coupling) of the Li atom electron in 
he p-state with the “free portion of the electron density" of the carbon atom 
nd also partially by dipole interaction. 
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Table 2 
v v 
C—Li(O—Li a Te Ay 

Compound eer trae iy y % 
- {vapor 1052 m —_ a8 
CHsLi {IPE a 1060 m 820 s,b 19 
. { vapor 1061 s — - 
GHSLi | Cryotal 1056 s 882 s,b | 16 

F J 918 s,b 
C,H;Li + benzene (0.8 N) 1050 w { 875.3 } 42 
C,H. Li + benzene (0.1 N) 1050 m ae \ 42 
C.H;Li + hexane (1 N) 1052 s 915 m 13 
C.HsLi + hexane (0.27 N) 1058 m ny we. 
1029 m es aL 
(Sit ie eee 1045 m the a 
crystal 1039 s 838 s,b 49 
CisHesLi ++hexane (0.53 N) 1052 m 927 s,b 12 
CisHesLi thexane (0.13 N). 1058 s 930 w 13 
p-CHgCsHaLi ( crystal) 987 m 833 s,b 15 
«-CioH;Li (crystal) 940 m 828 s,b 12 
CH3O0Li (crystal) ~1430 s 840 s,b 35 


Intensity key: s — strong, w — weak, m — medium, b — broad. 


"L.Ia.Karpov" Physical-Chemical Institute 
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INVESTIGATION OF INTERMOLECULAR COUPLING IN POLYETHYLENE BY 
INFRARED ABSORPTION SPECTROSCOPY 
- I. I. Novak 


The results of x-ray diffraction, dilatometric and spectroscopic studiesl 
all indicate that polyethylene is a crystallizing polymer. The amount of crys- 
tal phase varies from 40-80% depending on the fabrication procedure. The ortho- 
rhombic crystal lattice of oe has the following constants: a= 7.42 A, 
b= 4.93 A and c= 2.534 A. 

The x-ray diffraction data of Bunn & Alcock” indicate that with increase 
of temperature from 18 to 100° the constant a increases from 7.42 to 7.65 A, 
while 5 and c remain unchanged. 

Electron diffraction studies by Kargin et al3 showed that elongation of poly- 
ethylene by 500% is accompanied by increase of the lattice constant a from 7.47 
to 7.56 A. 

The alteration of the lattice constants of polyethylene under the influence 
of heat, deformation and other physical factors leads to a change in the inter- 
action (coupling) between neighboring molecules. This in turn must obviously 
be evinced in the frequencies of the infrared absorption spectrum of polyethylene 
associated with the crystal lattice. The present work was concerned with investi- 
gation of the influence of temperature, elongation and annealing on the infrared 
absorption spectra of polyethylene. In addition, we studied the infrared spec- 
tra of dicetyl (dotriacontane - C39Hg¢), the crystal lattice of which is similar 
in structure to that of polyethylene. 


Experimental Results and Discussion 


The infrared absorption spectra of polyethylene and dicetyl were studied 
by means of IKS-1 and VIKS-MZ spectrometers employing fluorite and rock salt 
prisms. 

The measurement procedure has been described earlier} hence we proceed di- 
rectly to the experimental results. The spectrum of polyethylene includes two 
bands at 1464 and 1473 em7! (at room ort perth at The former is associated with 
deformation vibrations of the CHa group. As the temperature is increased from 
20 to 120° the intensity of the 1473 em~! pand falls off rapidly and at the melt- 
ing point (120°) this band disappears completely; at the same time, the intensity 
of the 1464 cm-1 band decreases only slightly. Moreover with increasing tempera- 
ture the 1473 cm71 frequency is reduced somewhat and at 90° becomes 1471.2 cml. 
With decrease of the temperature from 0 to -175° the peaks of these bands shift 
to 1462.4 and 1474.8 cm™~, respectively. Thus with change of temperature from 
-175° to +90°, the splitting of the doublet diminishes from 12.4 to 7 em1, 

Fivefold elongation of polyethylene under tension produces the following 
changes in its spectrum: the 1464 & 1473 and 720 & 730 cm-l bands are shifted 
to 1465.6 & 1470.8 and 720 & 728 cm-l. Thus under the influence of stretching 
the splittings of the polyethylene doublet in the 7 and 14 » regions decrease 
from 9 to 5 cm7! and from 10 to 8 em71, respectively. The 720-730 em71 absorp- 
tion bands of polyethylene are associated with "rocking" vibrations of the CH»g 
group, normal to the chain axis. § 

Upon rapid cooling of polyethylene from 150 to -196°, the shorter_wavelength 
band remains at 1464 cm71, while the 1473 cm7! band shifts to 1471 cm, 

In the 7 » region of the spectrum of crystalline dicetyl there are two 
bands with wave numbers 1464 and 1473 cm=1. Only the band at 1464 cm™} is 
present in the spectrum of liquid dicetyl. On cooling of dicetyl from 20-0 
-150°, the 1464 and 1473 cm71 frequencies shift to 1462 and 1473 em71, Thus 
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cooling of ceceny. from 20° to -150° increases the splitting of the 7 doublet 
from 9 to 11 cm™+. The doublet structure of the absorption band in the 14 yp re- 
gion in the spectra of crystalline members of the paraffin series from C1gH3g 

to C54H110 has been observed by Stein & Sutherland’. $5 the liquid state these 
substances have only one band at about 720 cm7+. Krimm” also showed that the 
absorption bands of the solid normal paraffin C3gH7q4 in the vicinity of 1460 and 
720 cm-l have a doublet structure. Moreover the 720 and 730 cm-l bands were 
found to be polarized along the crystallographic axes 6 anda, respectively. The 
low and high frequency components of the 7 py doublet are also polarized along the 
b and a axes. 

In view of all the above experimental facts, it may be inferred that the 
doublet structure of the polyethylene and high molecular paraffins bands in the 
7 and 14 pw regions is associated with the crystal lattice. In other words, the 
splittings can apparently be explained, in accord with the theory of Davydov’, 
by intermolecular resonance coupling of the vibrations of neighboring groups in 
the crystal lattice. 

It follows from Dvaydov's theory that the number of split components is 
equal to the number of molecules in a unit cell. According to the x-ray dif- 
fraction data of Bunn1° and Milller19, there are two molecules per unit cell in 
polyethylene and high molecular paraffins, which is consistent with the observed 
doublet structure of their absorption bands at 7 and 14 yp. The polarization of 
the doublet components in the spectrum of the paraffin C36H74 along the 6 and a 
crystal axes is also consistent with Davydov's theory. 

If we accept the hypothesis that the formation of the doublet structure of 
the absorption bands of polyethylene and paraffins is associated with resonance 
coupling of neighboring molecules in the crystal lattice, it would follow that 
the doublet splitting should increase with enhanced intermolecular coupling. 

As was noted above, with increase of temperature from 20 to 90° , the split- 
ting of the 7 yw doublet of polyethylene decreases. This can readily be explainec 
by the fact that with heating the lattice constant a of polyethylene increases? 
and, consequently, the coupling between neighboring CHa groups is weakened. This 
leads to diminution of the splitting of the 7 doublet. Analogously, the in- 
crease in separation of the doublet incident to reduction of the temperature of 
polyethylene from 20° to -175° is connected with decrease of the lattice constant 

The decrease of the 7 and 14 »p doublet splittings incident to elongation of 
polyethylene can also be explained by weakening of the interaction between neigh- 
boring CHg groups owing to increase of the lattice constant a. It is interesting 
to note that the lattice constants of some high molecular paraffins increase by 
5-10% in going through the transition point.11 This, as has been shown by Stein 
& Sutherlandl2, has a noticeable effect on the spectra of these paraffins. In 
the spectra of the paraffins from Cy9H49 to C54Hi19 there is only one 720 em71 
band at temperatures 0.5° above the transition point, while below this tempera- 
ture there appear two bands having frequencies of 720 and 730 em71, 

In view of the results obtained in investigating the infrared absorption 
spectra of polyethylene, it may be concluded that the doublet structure of the 
absorption bands at 7 and 14 yu can be explained, according to the theory of Davy- 
dov, by resonance coupling of the vibrations of the CHg groups of neighboring 
molecules in the crystal lattice. The magnitude of the doublet splittings can 
be correlated with the value of the lattice constant a. 


Leningrad Physical Technical Institute, 
Academy of Sciences of the USSR 
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INFLUENCE OF TEMPERATURE AND THE STATE OF AGGREGATION 
ON THE INFRARED ABSORPTION OF CARBON TETRACHLORIDE 


Introduction 


Of particular importance where determination of the factors affecting the 
intensity, half-width, shape and structure of vibrational bands is concerned 
are temperature studies and measurements made at close temperatures with the 
investigated substance in different states of aggregation. We have carried out 

“such studies for the absorption bands of carbon tetrachloride. The spectrum 
of this compound has by now been fairly thoroughly studied and most of the fre- 
quencies therein reliably identified.1,2 

We employed the procedure developed earlier and described in Ref.2 for 
qualitative measurements in the region of intense absorption. To realize the 
measurements at higher than room temperatures it was necessary to find suitable 
heat-stable sealing gaskets for the absorption cells, i.e., gaskets of a materi- 
-al not dissolving in or reacting with CCl4. This proved to be a difficult task. 
We tested a considerable number of different cements and sealing compounds and 
found the most suitable for measurements in the range from -25° to +70° to be 
a putty of talc with water glass4 and a paste made of equal parts of zinc oxide, 
manganese oxide and chalk stirred in water glass.9° The temperature gradient 
along the cell mounted in the center of the cylindrical furnace did not exceed 
1°, The temperature was monitored by means of a copper-constantan thermocouple. 
For measurements in the temperature range from -22.6° to +22°, the furnace was 
replaced by a special cryostat designed for work with liquid air and other cool- 
ants. In this case, too, the temperature gradient over the investigated layer 
did not exceed 1°. 

The error in determining the absorption coefficient K in most cases did not 
exceed 7-10%. Only in the region of the fundamental vibrations (Y3) of CCl, 
could it have been as much as 15% owing to the systematic error involved in 
determining the effective thickness of the absorbing layer.3 In all cases, re- 
gardless of the temperature and state of aggregation, all measurements of the 
absorption at a given band were carried out with the same slit width. It was 
not necessary to take into account the apparatus function of the IKS-6 spectro- 
meter, which was used for all the measurements, inasmuch as in the case of a 
band half-width not over 3 times the spectral slit width and on condition that 
this band can be approximated by a Gaussian curve or a triangle, the distorting 
influence of the apparatus on the integral intensity, as well as on the half- 
width, does not exceed 1-2% of the measured quantity. These conditions were 
fulfilled in all our measurements. The reliability of the results given by 
Willis® was substantiated hy comparing the fundamental characteristics of the 
V3 absorption band of gaseous CCly, obtained with different slit widths.* 


1. Influence of temperature 


In studying the effect of temperature, we first investigated the very intense 
double band, one component of which (784 em71l) corresponds to the fundamental, 
triply degenerate V3 vibrations and the second component (762 cm-l) to the com- 
posite Vj + V4 vibrations. Owing to Fermi resonance the composite vibration 
band attains an intensity comparable with that of the fundamental V3 vibration 
band. 


*Al11 designations in the present report are analogous to those used in Ref.2. 
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Table 1 


Influence of temperature on the fundamental Fermi resonance doublet 
of CCl, in the liquid state 


year (762. cm—) V3 (784 om), 

i} 

T°’, K 
4 \K, dv-10—*, cm | K.40-#, cm— | T, cm SK, dv-40~*, cm~? | K-10-2, cem—2_ |r, cmt 

| | 
298 34 190 | 18 30 230 Be 
323 32 178 18 48 210 23 
343 34 175 OPE Ig AS | 48 200 22 

Our measurements showed (Table 1 & Fig.1) 
K-10cm" that when the temperature is increased from 298 

= ms 


720° 760 800 840 
vcr? 
Fig.1. Influence of tempera- 
ture on the Vj + V4 and V3 
doublet. 


to 343°K the integral intensities of both compo- 
nents change little; the intensity of the compo- 
site VY, + V4 band™ decreases to the same degree 
as the intensity of the fundamental Ys band. The 
experimental data indicate that the half-widths of 
both components of the doublet remain virtually 
constant in the indicated temperature interval. 
Among the considerable number of other compo- 
site bands, for our temperature studies we chose 
two isolated doublets consisting of components 
between which Fermi resonance is realized. Reso- 
lution of the doublet into components, which was 
carried out by the conventional graphic procedure, 
presented no particular difficulties (it was as- 
sumed that the shape of both components was sym- 
metrical). The results obtained for one of the 
doublets are given in Table 2 and Fig.2. It will 
be seen that in this case there is a much more 
appreciable decrease of the integral absorption 
with increasing temperature: increase of T from 
251 to 333°K, i.e., by 80°, leads to a decrease 
of fK,dy by a factor of almost two. Thus these 
composite bands are appreciably more sensitive 
to the influence of temperature. 
We note that the long wavelength component 
of each of the two investigated doublets undergoes 
the same quantitative changes as the short wave- 
length component, although in both cases the form- 
er represents a composite band of higher order 
than the latter and might be expected to exhibit 
a stronger temperature dependence. Apparently, 


the observed effects are connected with Fermi resonance. To substantiate this 
assertion it would be desirable to carry out temperature studies of the Vz and 
Vz + V4 bands for gaseous CCly. 

Our measurements showed that the half-width of the composite doublet band 
remains virtually constant in the indicated temperature range. 

The integral intensity vs temperature curves for the above mentioned doub- 
lets are shown in Fig.3. Unfortunately, owing to the narrow temperature inter- 


*Here and below composite bands are understood to mean absorption bands 
corresponding to combination tones. 
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Table 2 
Influence of temperature on the composite absorption bands of liquid CCl4 
| First resolved doublet Second resolved doublet 
vetv,(1006 cm—*) vo(Vitvs) (CM) Vi Ya ($249 CM) | vit(vity,) (1246 om) 
J K \K,ay, ee | FE 
= 2 * * - 
ou KCMe ils CM \K, os K, cm oe Jk, a ac r, cm Sx, ayy K, cem—*) T, em—* 
cmM—? cm—? sa cm—* 
| 
201 | 1040 | 32 26 920 30 23} 1080 | 32 23 | 1020 | 26 31 
269 950 | 29 26 840 26 24 970 28 25 900 | 22 33 
293 (h9) |), PAY 26 770 2S 24 860 | 26 24 760 | 20 32 
a13 800 | 26 27 700 22 24 OO |) 2 25 CLO 47 33 
333 600 | 19 27 550 £7) ooo 640 | 24 25 500 | 14 | 33 


Hal f—width. 
Absorption at peak. 


990 1030 1070 
v,cm? 


Fig.2. Temperature variation of the composite V2 + (Vy + 4) and Vo + Vg bands. 


val involved, it is impossible to deduce the empirical law for Kydy = f(T). 

In the 251-333°K interval, however, the variation of the integral absorption 
with temperature is approximately linear and for both doublets the rate of de- 
crease with increasing temperature is nearly the same. A similar temperature 
dependence of the intensity of infrared absorption band was obtained by Slowinski 
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& Claver’ for four bands of cyclo- 
[hy dy, cn? hexane. 
Obviously, on the basis of the 
——V,+V, —v+v, above scanty data one cannot attempt 
—o- v,#/v+V,) —o— v, +/V,+V,) to explain the temperature dependence 
of the infrared absorption band in- 
tensities or construct a plausible 
theory. At present we can only note 
that in the given case, increase of 
the temperature leads to decrease of 
the transition matrix elements, the 
value of which depends not only on 


the specific molecule but also on 
245 275 305 535 260 290 320 350 its environment. 


Fok 
Fig.3. Variation of the integral intensi- 2. Influence of the state of 
ties of the composite bands with tempera- aggregation 


ture. 

In an earlier report” we de- 
scribed the spectrum of CCly in the 470 to 12,500 em~1 range at room temperature. 
The measurements were carried out for two states - liquid and gaseous - in the 
regions of the fundamental vibration frequency Y3, its first overtone and the 
combination tone Vy + y,- The liquid-gas transition is accompanied by a substan- 
tial decrease in intensity, a change in the half-width of the bands and a pro- 
nounced weakening of the resonance coupling between the Vj + V4 and Y,z vibrations, 
evinced by a substantial decrease in the intensity of the former. Subsequently, 
we undertook a supplementary investigation aimed at clarifying the influence of 
the state of aggregation of the intensity of the composite absorption bands. The 
measurements were carried out at room temperature for the frequencies whose tem- 
perature dependences have been described above. 

Evaluations of the integral intensities showed that incidental to the liquid- 
gas transition the integral intensity of the long wavelength component of each 
doublet decreases by a factor of two. In the case of the short wave component 
and particularly the )j + V3 band, the decrease in intensity is insignificant. 

It can also be explained by substantial weakening of the resonance coupling be- 
tween the component vibrations incident to transition from the liquid to the 
gaseous state. As in the case of the Vj + V4 and Vz vibrations, weakening of 

the resonance results in a comparatively greater decrease in intensity of the 
weaker component. It is significant that in the liquid-gas phase transition the 
half-width of each component virtually does not change, although the maximum of 
the long wavelength component acquires an isotopic structure, splitting into 2 or 
3 components. 


"“T,G, Shevchenko" Kiev State University 
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CHANGES IN THE INFRARED SPECTRUM OF AMMONIA INCIDENT TO TRANSITION 
FROM THE GASEOUS TO THE LIQUID STATE 
- I.V.Demidenkova & L.D.Shcherba 


The present work was devoted to the investigation of the infrared spectrum 
of liquid ammonia and solutions of ammonia in carbon tetrachloride. 

Liquid ammonia, which is an excellent solvent not only for organic com- 
pounds but also for many inorganic salts and metals, is finding extensive use 
in chemistry as a medium for many reactions. In view of this, data on the struc- 
ture of liquid ammonia - particularly its vibrational spectrum - are of consider- 
able interest. 

Investigation of the infrared spectrum of liquid ammonia is also of inter- 
est in connection with the more general question of changes occurring in the 
spectra of materials incident to transitions from the gaseous to the condensed 
state. Such observations are most conveniently made with simple molecules such 
as the ammonia molecule. 

Hitherto the infrared spectrum of liquid ammonia had not been studied in 
detail. The infrared spectra of solutions of a number of organic compounds in 
liquid ammonia were obtained in the 3 pp region in the work of Izrailevich et 
all, heir data regarding the valence bands of pure ammonia are not particular- 
ly accurate in view of the excessive thickness of the absorbing layer. Reding 
& Hornig2 obtained the infrared spectrum of crystalline ammonia. The Raman 
spectrum of liquid ammonia has been investigated by Daure? and Bhagavantam* and 
more recently by Marchand5, Plint, Small & Welsh® and Dunumaki & Aida’. 

In our work the spectra were recorded on an IKS-1l1 spectrometer with LiF 
and NaCl prisms. The spectrum of liquid ammonia was obtained in the region 
from 2 to 15 p at -50°, 

The spectrum of ammonia solution in CCly4 was obtained only in the region 
of the valence NH vibrations. The absorption cell used for recording the spec- 
tra of liquid ammonia was of the conventional low-temperature type in the form 
of a demountable glass Dewar. The copper plate on which the cell proper was as- 
sembled was attached to bottom of the inner flask by means of Wood's alloy. 

The greatest experimental difficulty was encountered in finding a suitable mate- 
rial for the cell windows inasmuch as alkali halide salts readily dissolve in 
liquid ammonia. For this reason it was impossible to use AgCl windows which are 
generally the most convenient for low-temperature measurements. The only suit- 
able window material proved to be KCl (the solubility of KCl in liquid NHg is 
1.45 g/liter). A 12 u thick teflon spacer gasket was clamped between the win- 
dows; Bakelite varnish was used as the sealant. The ammonia gas was introduced 
into the cell through a Pyrex tube cemented into the cell window. The given 

(12 yw) layer thickness proved to be too great for observation of the intense 
band of liquid NH3 at 1050 em71 (V9). Hence to obtain approximate data on the 
frequency position of the band, we used a thin layer of liquid NH3 condensed 
directly on a KCl plate. 

In all the work we used synthetic NH, dehydrated by condensation over metal- 
lic sodium. . 

The infrared absorption spectrum of liquid ammonia in the region of the 
valence and deformation vibrations is shown in Figs.1 & 2. Table 1 lists the 
frequencies of the observed bands and their interpretations which agree with the 
assignments given by Plint et al® and Kumanaki & Aida’ for the Raman spectrun. 
In earlier Raman spectrum studies3,4 a different assignment was proposed for the 
three bands observed in the valence vibration region. Bhagavantam4 attributed 
the middle component of the triplet to symmetrical vibration of the NH3 molecules 
and the two end components to vibrations of the dimer, presumably present in the 
liquid. 
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Fig.l. Infrared spectrum of liquid NH3. Fig.2. Infrared spectrum of liquid NH3. 


Table 1 
Data on the infrared spectrum and Raman spectrum of ammonium (Vv, cm71) 


| Infrared spectrum 


Raman spec— 


{ 
Gas : (our data trum of li- | Assign— 
(Ref.8 Solution in Si cad quid (Ref.'7) ment 
Cla 
3444 * 3421 3375 3384 vg (BE) 
3337 3313 3985 x 3308 iy Fe 
3219 32a1 3220 3212 2v4 
1627 2987 ,2? 1632 1624 va (E) 
931 ,6—968,1 1035—1066 1054 vo (A) 


: S, 
* According to Cumming & Welsh”. ; Oe 
**x Value Pious by nei of the overlapping bands, according to 


symmetrical contours. 


The spectrum of a 0.3 mole/liter 
inte ammonia solution in carbon tetrachlor- 
30 ide in the region of the valence NH 
vibrations is given in Fig.3. At so 
low a concentration there can hardly 
be any appreciable formation of dimers. 
Nevertheless, the triplet observed in 

40 ] the liquid is also present in the spec- 
trum of solution. 

Thus there is no justification 

5000 5200 3400 4600, for attributing the 3375 cml and 3220 
j em7! pands in the spectrum of liquid 
Fig.3. Infrared spectrum of solution of ammonia to dimer vibrations. 
NH3 in CCl4. Thickness of absorbing The transition of ammonia from 
layer; 1 - 1 cm, 2 =- 2 cn. the gaseous to the condensed state is 
accompanied by a marked change in the 
relative intensity of the bands corresponding to symmetrical ),(A) and antisyn- 
metrical Y3(E) valence vibrations. In the infrared spectrum of the gas the Vy 
band is more intense than the \3 band. In the CCl, solution, on the contrary, 
the 3 band becomes somewhat more intense than Vi- Finally, in going from the 
liquid to the solid (crystalline) state? the intensity of the Wz band becomes 
several times greater than the intensity of the V, band. For liquid NH3 this 
will be evident from Fig.1 if one resolves the bands of the triplet. This great 
change in the relative intensities of the bands is apparently not directly con- 
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nected with formation of hydrogen bonds inasmuch as an appreciable change is 
already observed when ammonia is dissolved in carbon tetrachloride. 

In the spectrum of gaseous ammonia the 950 em71 VYo(A) band is split into 
two components (inversion splitting), which is connected with there being two 
equilibrium positions of the nitrogen atom (to either side of the plane of the 
hydrogen atom). The magnitude of the splitting is 36.5 cm-l, Apparently the 
inversion splitting persists in liquid NHg inasmuch as the Vp band (Fig.2) con- 
sists of two components with a separation of 30 em7l, 

Fyfel0 calculated the hydrogen bond energy in liquid NH3 on the assumption 
that one NH bond of the molecule interacts with a free electron pair of another 
molecule and obtained a value of 5.1 Kcal/mole. 

On the basis of this assumption regarding the hydrogen bond in ammonia, one 
should expect an appreciable difference between the spectrum of the liquid and 
that of the gas, namely, the appearance of a new band associated with perturbed 
NH vibrations and removal of degeneration due to nonequivalence of the NH bonds. 
Actually, however, no significant changes in the infrared spectrum incident to 
the liquid-gas transition are observed except for a considerable increase in the 
relative intensity of the V3 band and a rather noticeable displacement of the 
bands (see table). This result can be explained if we assume that all'three NH 
bonds of a given molecule interact with the free electron pair of another mole- 
cule. In this case all three NH bonds remain equiparate and the hydrogen bonds 
formed are presumably nonlinear. 
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INFRARED SPECTRA OF SALT SOLUTIONS 
- E.N.Vasenko, A.P.Cherniavskaia & N.V.Chernaia 


The vibrational spectra of solutions have been utilized for investigating 
the effect of ions on liquidshaving a structure characterized by the presence 
of intermolecular hydrogen bonds. As the subject of our investigation we chose 
formamide, the infrared spectrum of which is reasonably well known; in addition 
formamide is similar to water as regards the character of the intermolecular 
hydrogen bonds that are responsible for the formation of a spatial net structure 
encompassing the entire liquid volume. 

For purposes of preliminary study we chose the C-N band of formamide in view 
of the fact that the position of this band changes noticeably incident to forma- 
tion and rupture of the hydrogen bonds in which both the amino and carbonyl 
groups of the formamide molecules participate.1 A further consideration was the 
fact that this band is relatively intense and remote from the other bands in the 
spectrum of formamide. 

We recorded the absorption spectrum of a saturated solution of potassium 
nitrate in formamide in the 1200 to 1500 cm7! region on an IKS-11 spectrometer 
with a rock salt prism. 

KNO3 is a monovalent electrolyte, which exhibits the closest approach to 
the limiting Debye-Guchel law in determining the activity coefficient of this 
electrolyte in formamide; 2 hence it was of interest to clarify the influence of 
its ions on the spectrum of formamide. At an absorbing layer thickness equal to 
that used in the case of pure formamide, we detected three not fully resolved 
bands near 1325, 1345 and 1365 em71, In this region in the spectrum of pure for- 
mamide there is observed a band at 1309 cm! associated with the valence vibra- 
tions of C-N and a band at 1391 cm-l associated with deformation vibrations of 
C-H. The newly discovered bands can be attributed either to C-N vibrations per- 
turbed by ionic dipole interaction, exceeding in energy the intermolecular hydro- 
gen bond N—H:**°O==C in liquid formamide, or to vibrations of the NO3° anion. 

To resolve this question we obtained the spectrum of a saturated solution 
of potassium bromide in formamide in the same spectral region (1200-1500 cm71). 
In this case there were clearly discernible bands near 1330 and 1350 cm71,; conse- 
quently, these can be attributed to absorption of formamide in the presence of Kt 
and Br” ions, disturbing its structure in the liquid state. 

The absorption spectra of saturated aqueous solutions of the same salt, which 
we recorded for purposes of comparison, showed an appreciable absorption in the 
given region not characteristic of pure water (two bands in the case of potassium 
bromide). We are continuing our research with a view to elucidating the origin 
of this absorption and determining the concentration dependence of the absorption 
spectra both in the 1200-1500 cm=1! region and in the region of the valence vibra- 
tions of the N-H and C==0O groups in formamide and the O-H group in water. 
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INVESTIGATION OF KETO-TRANS-CIS-ENOL EQUILIBRIUM 
BY INFRARED ABSORPTION SPECTROSCOPY 
- M.E.Movsenian, M.I.,Kabachnik, S.T. Ioffe & K.V.Vatsuro 


The infrared spectra of keto-enol compounds have been studied by a number 
of authors, primarily in the regions of the valence vibrations of the C=C, 

C==0 and O—H groups, i.e., in the 3 » and 6 yw regions. In the latter region, 
in addition to the lines belonging to the keto form, there have been observed 
bands belonging to the enol form, usually at somewhat longer wavelengths. In 
more recent investigations, carried out with improved equipment, Bratoz et al 
and Le Fevre & Welsh? have succeeded in observing in the spectra of B-keto 
esters individual C=0 absorption maxima belonging to the carbonyl and carboxyl 
groups and also a complex double band in the region of the valence vibrations 
of the C==C bond. Actually, only one of the latter maxima pertains to the 
double bond, while the other is associated with the chelated and conjugated 
carboxyl carbonyl. 3 

Hitherto there have been very few quantitative measurements of keto-enol 
equilibrium by observation of infrared absorption spectra. Thus, Le Fevre & 
Welsh? compared the intensity of the 1650 cm~! pand of acetoacetic ester in dif- 
ferent solvents with the amount of enol found chemically. They obtained a smooth 
curve which, in their opinion, substantiates the accuracy of the chemical deter- 
minations. Kuratani4 comparing the relative intensities of the enol and keto 
bands of the ethyl acetoacetic ester, found that the amount of enol in solutions 
of this ester in hexane, diethyl ether, and carbon disulfide is greater than in 
solutions in pyridine and methyl alcohol. Shigorin® evaluated the amount of enol 
in ethyl ethers of cyclohexanone carboxylic and cyclopentanone carboxylic acids 
from the intensity of the Raman lines. 

In the present work we attempted to determine by means of infrared absorp- 
tion spectrometry the cis-trans-enol tautomerism in keto-enol compounds and to 
evaluate the relative amounts of the stereoisomeric forms. 

We investigated the infrared absorption spectra of the ethyl esters of 
acetoacetic, cyclohexanone carboxylic,cyclopentanone carboxylic, Q-sec-dibutyl- 
acetoacetic and formylphenylacetic acids. By way of solvents we used chloroforn, 
benzene, toluene, diethyl ether, carbon tetrachloride and n-hexane. 

In the spectra of compounds with cis-positioned enols (cyclohexanone car- 
boxylic and cyclopentanone carboxylic esters) and of acetacetic ester four bands 
were observed in the 6 wu region: 

1) a band associated with the vibrations of the carboxyl carbonyl group of 
the keto forn, 

2) a band associated with the vibrations of the carbonyl group of the keto 
forn, 

3) a band of the carboxyl carbonyl, linked by an intermolecular hydrogen 
bond and conjugated with the ethylene C=C bond, of the enol form, and 

4) a band associated with the valence vibrations of the C==C bond of the 
enol form. 

By way of illustration the spectrum of the solution of baad ttc tg) car- 
boxylic ester in hexane is shown in Fig.l. 

We compared the relative intensities of the absorption bands of ‘the keto and 
enol forms of all the above enumerated substances with the equilibrium constants 
(determined chemically) of acetoacetic ester which is usually taken as the 
standard substance in such work. In determining the optical densities, we took 
into account the absorption at the band maximum, According to our evaluations, 
the error in determining the optical density ratios does not exceed 12%. 
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It can readily be seen that the 
100 optical density ratio D'/D" for the 
enol band 4 and keto band 2 yields 


a 573 the equilibrium constant Ky, with an 
g accuracy to within the factor €4/€o: 
ag D® D4. €4°Can €4 
3 Dy = Do = €osCo = eq *T- 
< 

0 Inasmuch as the value of € depends 

Ao on the solvent, it was clearly necessary 

Fig.1. Absorption spectrum of a solution to determine whether the ratio E4/Eo 
of the ethyl ester of cyclopentanone is a function of the solvent. To this 
carboxylic acid in hexane in the 6 yu end we plotted the values of the chemi- 
region. cally determined equilibrium constants 


K of acetoacetic ester in different solvents vs 
the ratio D'/D" = D4/Dp in the same solvent. As 
may be seen in Fig.2 the plot is a straight line; 
hence it follows that the ratio €4/€9 does not 
depend on the solvent. 

If it is assumed that in all the investi- 
gated solvents all the enol is in the cis form 
and, moreover, that there is an intermolecular 
hydrogen bond in all the enol molecules, the 
D'/D" (equal in this case to D3/Do9) vs K plot 
should be a straight line passing through the 
origin. As will be seen in Fig.2 (the 3/2 line) 
this assumption is realized in the case of aceto- 
acetic ester. 

Meyer found the following empirical formula 
for the dependence of the keto-enol equilibriun 
on the properties of the keto-enol and the sol- 
Fig.2. vent: 


Ky = EL, 


where Kp is the equilibrium constant, E is the enolizability of the keto and L 
is the enolizing ability of the solvent. 

Subsequently, this formula was derived by Kabachnik® utilizing the theory 
of acids and bases. 

Considering the more general case of equilibrium when the enol form may 
have both the cis and trans configurations, Kabachnik, Ioffe & Vatsuro’ arrived 
at the following expression: 


Kp = EL + E'L'. (1) 


Here E and E' are the enolizabilities of the keto forms in the cis- and 
trans-enol forms, respectively. E and E' are determined only by the keto-enol 
structure and do not depend on the solvent. L and L' are the enolizing abili- 
ties of the solvent; they depend only on the solvent. These quantities (general 
for all keto-enols) are equal to the tautomeric equilibrium constants of the 
substances taken as the standards for cis- and trans-enolization. In the ab- 
sence of trans-enolization, E' = 0 and formula (1) becomes the Meyer formula. 
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Experimental chemical investigation’ of a 
number of keto-enol compounds showed that sub- 
stances capable of only cis-enolization (cis- 
positioned enols) conform to Meyer's formula; 
the Kp vs L plots for all these substances are 
straight lines passing through the origin. 

In the case of substances which only have 
the trans-enol form (trans-positioned enols) , 
the equilibrium constant does not depend on the 


solvent. 
0 a5 10 L It follows from the two series of experiments 
first, that the choice of acetoacetic ester as the 
Fig.3. standard for cis-enolization is justified and, 


second, that L' is a constant. In this case in- 
stead of formula (1), we can write’; 


Kp = EL + Ej. (2) 


ia Sis 
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Thus, keto-enols in solutions in which there 
are present both cis- and trans-enol forms are 
also characterized by a linear dependence of 
on L, but in this case the straight-line plots do 
not pass through the origin but intersect the vert: 
cal axis at a point numerically equal to Ej. 

It follows from the above that the dependence; 
of the ratio D4/Dg on the equilibrium constant of 
acetoacetic ester should be linear. As may be see) 
from Figs.3 & 4, the experimental points for cyclo- 
pentanone carboxylic ester (Fig.3) and cyclohexa- 
none carboxylic ester (Fig.4) fall on straight 
lines passing through the origin. 

In these figures we have also plotted the 
values of the ratio D3/D9, which are proportional 
to the ratio of the amounts of the cis-enol and 
keto forms. As might be expected, the points also 
fit straight lines passing through the origin. 

0 05 406 Of the compounds in which, owing to steric 

Fig.4. hindrance, primarily trans-enol is present, we in- 
vestigated Q-sec-butylacetylacetic ester. Our 

choice of this substance was dictated by the fact that it contains a relatively 
large amount of enol and dissolves in the above listed solvents. In the spectra 
of this substance, in addition to two bands associated with the carbonyl groups, 
there is only one band which we assigned to the C==<C group. It was found that 
the ratio of the optical density of this band to that of either of the keto band: 
remains constant for all the investigated solvents, i.e., the D3/Dg vs L plot is 
a straight line virtually parallel to the horizontal axis (Fig.5). It is inter- 
esting to note that the point for chloroform, which in our plot falls below the 
straight line, also proves to be anomalous in chemical experiments. 

Further, we deemed it of interest to investigate a compound in which there 
simultaneously exist both the cis- and trans-enol forms; as the most suitable 
substance we chose the ester of formylphenylacetic acid. We investigated solu- 
tions of this substance in chloroform, diethyl ether and carbon tetrachloride. 
In this case,according to the generalized Meyer formula, the straight line given 
by 


- Lil? = \ 


D 
2 
as should not pass through the origin, while the 
straight line defined by 
ke = L 
ms fo(L) 


should. Fig.6 shows that this is in fact the case. 

The ratio of the ordinates of the points on 
the D3/D2 and D4/D2g plots for any given solvent 
will obviously give 


D3 x Cois 
4 Ccis + Ctrans 


where Coig and Cinang are the respective concentra- 
tions determined by chemical analysis. / The ratios 
D3/D4:Co46/(Ccis + Ctrans) proved to be constant, 
showing that in this case €3/¢€, does not depend on 
the solvent. 


OS 4,04 


Conclusions 


1. We obtained the infrared spectra of solu- 
tions of acetoacetic, Q-sec-butylacetoacetic, cyclo- 
pentanone carboxylic and cyclohexanone carboxylic 
esters in chloroform, benzene, diethyl ether, 

Fig.6. carbon tetrachloride and hexane and solutions of 
formylphenylacetic ester in chloroform, diethyl 
ether and carbon tetrachloride. 

2. Quantitative determinations of the keto-enol equilibrium by means of the 
infrared absorption spectra proved to be in good agreement with the results of 
chemical analyses. 

3. The spectroscopic data also substantiate the generalized Meyer formula 
for the keto-cis-trans-enol tautomerism equilibrium constant. 


"P.N. Lebedev’ Physical Institute 
Commission of Spectroscopy & 
IEOS of the USSR Academy of Sciences 
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SPECTROSCOPIC INVESTIGATION OF THE STRUCTURE OF SOME COMPLEX COMPOUNDS 
- A.A. Babushkin 


This report summarizes the results of three investigations devoted to the 
structure of molecular compounds. Two of these were concerned with the study 
of complex compounds of boron trifluoride with some nitrogen- and oxygen-contain- 
ing molecules; the other with investigation of the influence of water of crystal- 
lization on the structure of sodium para- and metatungstates. 


1. FaB*NHe and F2B:ND Complexes* 


The infrared absorption and Raman spectra of these compounds were obtained 
in our laboratory. Calculations of the force field and vibrational spectra were 
carried out by I.F.Kovalev on the basis of the C,, model for F3B*NHg and F3B*ND3 
and the C, model for F3B*NHpD and F.B°NHD2. The spectra of the last two sub- 
stances were utilized for checking the calculations. 

The interpretation of the fundamental frequencies of F3B*NH3 and F3B°ND3 
was checked by application of the product rule: the experimental ratios of the 
squares of the vibration frequencies corresponding to the A; and E symmetry 
types of these compounds exceeded the theoretical values by 0.010 and 0.013, 
respectively. 

In calculating the frequencies on the basis of the deduced force constants, 
the secular equations (except for the type A symmetry equations for F3B*NHoD and 
F3B*NHD5) were solved with the aid of the BESM (USSR Academy of Sciences) elec- 
tronic computer. The calculated vibration frequencies proved to be in good 
agreement with the experimental values: the mean absolute deviation is 11 em71, 

Thus it proved feasible on the basis of the assumed C3, model to calculate 
and interpret the vibrational spectra of the molecular compound F3B*NH3 and its 
deuteroderivatives and to evaluate the potential function. . 

We computed the value of the force constant for the B—N bond, namely, 
4,4*10° dyne em71, which shows that the B—N bond is comparatively strong; the 
intensity of the Raman spectrum frequency corresponding to the vibrations of the 
B—N bond indicates that it is a covalent bond. 


2. Structure of Molecular Complexes of Boron Trifluoride 


with Methyl and Ethyl Alcohol and Water®* 


Boron trifuloride forms two types of molecular compounds with water and 
alcohols: in one there is one molecule of water or alcohol per F3B molecule 
(1:1 compounds); in the other there are two water alcohol molecules per tri- 
fluoride molecule (1:2 compounds). Meerwein & Pannwitzt hypothesized that in 
the latter case the second water or alcohol molecule is coupled to the 1:1 com- 
plex by means of a hydrogen bond of the type 


H—O+++H—O-BF3 
x z 


where X = H or R. 
At present a number of authors appear to share the opinion of Paushkin3 
that the 1:2 molecular compounds should be regarded as oxonium type complexes: 


*Collaborators: A.A.Babushkin, I.F,Kovalev and V,M,.Emel'ianova. 


**kCollaborators: A.A.Babushkin, L.A.Gribov, N.G.Guseva and V,M,.Emel'ianova. 
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(H,0)*+(F4B+OH)~ and (R+OHg)*(F3B-OR)~. 


It must be admitted, therefore, that the structure of these molecular com- 
pounds has not been definitively established. 


Experimental Results 


A careful search for absorption characteristic specifically of the oxonium 
ion in the spectrum of FsB-2(ORH) proved to be fruitless. In this study, extend- 
ing over the 2200 to 3800 em72 range of the spectrum,the thickness of the absorb- 
ing layers was varied from 5 to 400 np. The absorption spectrum was also record- 
ed with the compounds cooled to -20°. In the case of the complexes with alco- 
hols there was detected absorption associated with the valence vibrations of the 

; CH bonds and for each of the investigated 
7% compounds absorption at 3565 em71, No 
100 significant absorption at higher wave 
numbers was observed. 

Investigation of the absorption 
spectra in the region of the first over- 
tone of the OH valence vibrations (Fig. 
1) showed that there is a pronounced dif- 
ference between the spectra of F3B+1(ORH) 
and F3B*2(ORH). The spectra of the 1:1 
compounds comprise a wide absorption band 
with a half-width of 450-550 om™+; the 

wave numbers of the absorption peaks are 
25.7 65 6 187 OS 6 7 ot 6350, 6335 and 6500 cm-1 for the molecu- 
lar compounds of F.B with methanol, 


Fig.1. Absorption spectra of the in- ethyl alcohol and water, respectively. 

vestigated molecular compounds in the There are also indications of weak ab- 

5700 to 7500 cm=! region: a) 1 - sorption in the 7180-7300 em71 region; 

F3B°CH30H, 2 - F,B°2CH30H; b) 1 - this, however, is clearly evident only 

FoB°*CoH-OH, 2 - F3B*2CoH50H, c) 1 - in the spectrum of the F3B*CjH50H com-— 
F3B°H,0, 2 - F2B° 2H,0. plex. The absorption spectra of the 


1:2 type compounds are characterized 
by the presence of a narrow absorption band with a half-width of 90-180 em71, 
the wave number of the peak of these bands is 6985 cm71 in all cases. 


Discussion of results 


1. The fact that there is no spectroscopic evidence of the oxonium ion 
indicates that either the oxonium form is not realized in the investigated mole- 
cular compounds or that its concentration is negligibly low. 

2. Comparison of the wave numbers of the fundamentals and first overtones 
of the valence vibrations of the OH group in methyl and ethyl alcohol and water 
in the absence of association (dilute solutions and vapors) with the wave num- 
bers of the absorption peaks of the 1:2 molecular compounds indicates that these 
compounds are associated by means of hydrogen bonds. The wide absorption bands 
of 1:1 compounds are also due to association by the intermediary of hydrogen 
bonds. _ 

3. The difference between the band widths and wave numbers of the absorp~ 
tion peaks in the spectra of the 1:1 and 1:2 complexes must be attributed to dif- 
ferences in the character of formation of the hydrogen bonds. Bearing in mind 
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the data in the literature on the character of association of alcohols and water, 
we feel it is logical to connect the wide absorption band of 1:1 compounds with 
polymer association of the 


R R R 
| | 
FT tO) ee Hee etre eee (I) 
ey 
BFs3 BFs BF; 


type. 

This form of association infers the presence of end OH groups. In the ex- 
perimental spectrograms they are evinced in the form of a weak absorption band 
peaking at 7200 em71, 

We are inclined to connect the narrow absorption band in the spectra of the 
1:2 compounds with association of two complexes in which the four hydrogen bonds 
form a closed ring: 


R R 
FeBeilie ts eal 
| 
p | (I) 
Caen OSE 
| 
R R 


In this type of formation all the bonds are fully saturated so that there 
is no possibility of further association. In view of its cyclic character this 
structure is a stable formation, which, on the one hand, explains the shift and 
narrowness of the absorption band and, on the other hand, is consistent with the 
greater chemical stability of the 1:2 compounds as compared with the 1:1 com- 
pounds. The fact that there is no absorption characteristic of the end hydroxyl 
group (not participating in the hydrogen bond) either in the region of the funda- 
mental or of the first overtone of the OH valence vibrations may be taken as 
further evidence in favor of the II structure. 


3. Influence of Water on the Structure of Sodium Para- and Metatungstate* 
Spectra of sodium paratungstate hydrates 


There were obtained the infrared absorption spectra of sodium paratungstate: 
(5Na,0°12W0.) containing 28Hj0, 19H20, 9H,0, 4H20 and 2H_0 and of the anhydride. 
The spectra were investigated in two regions: in the region of the valence and 
deformation vibrations of the tungstate ion (700 to 1700 em-l) and in the region 
most favorable for studying the state of the water in these hydrates (3000 to 
3800 em71y , Investigation of the absorption band of water in the ~3 yw region 
showed that a pronounced change in the coordination of water occurs in going 
from the 19H20 to the 9H,0 hydrate (Fig.2). This change in the coordination of 
water produces a change in the structure of the paratungstate ion; the discreet 
structure of the absorption spectrum in the 700-860 cm71 region, characteristic 
of the 28-water and 19-water hydrates, is no longer observed in the spectra of 
the 9-water and lower hydrates. Discreet structure again becomes evident in 
this region in the spectra of the hydrates with 0.2 H90 per mole Nay QW 99% 43 and 
the anhydrous tungstate, but it differs in character from that in the spectrum 

*Collaborators: A,A.Babushkin, G.V.Iukhnevich, Iu.V.Berezkina and V.I. 
Spitsyn. 


Absorption of 
Buspension oi 


9700 3300 3100 2900 v,cm"' 
Fig.2. Absorption spectra of 
different hydrates of sodium 
paratungstate in the 2800 to 
3700 cm-1 region: 1 ~ 28H,0, 

2 - 19H20, 3 - 9H50, 4 - 4H»0, 
5 - 2H90, 6 - 0.2H»|0 per mole 
NajoW 12941, 7 - anhydrous tung- 
state. 

Pewee: 28h 39 


Si Eas 


5800 5600 3400 3200 v,cm-! 


Fig.3. Absorption spectra of 
28H20 sodium paratungstate and 
its solutions in Do90: 1) solid 
paratungstate in an oil suspen- 
sion, 2) immediately after solu- 
tion in D90, 3) after heating at 
60° for 2 hours, 4) 10 days after 
solution. Spectra recorded on an 
IKS-2 spectrograph. 
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of the initial 28 H20 paratungstate. 
Comparison of the absorption spectra of 
the 28-water sodium paratungstate hydrate 
with the spectra of its solutions in D590 
(95.5% D20 concentration) (Fig.3), recorded 
at different times after forming the solution 
and after heating, show that the isotopic 
exchange of the hydrogen of the hydrate water 
for the deuterium of the solvent water proceeds 
in steps; the individual exchange steps are 
associated with different regions of spectral 
manifestation of the water. From these ex- 
change experiments it may be concluded that in 
the 28 Hj90 hydrate there exist three forms of 
coordination of water, one of them being re- 
alized in the form of a hydroxyl directly 
linked with the tungsten atom (W—OH-:-). 
This deduction is based on the fact that there 
is a narrow band peaking at 3560 cm71 in the 
water absorption spectrum. 


Spectra of sodium metatungstate hydrates 


There were obtained the absorption spectra 
of sodium metatungstate (NagW40,3) hydrates 
containing 10H90, 7H90 and 2H20 and of the an- 
hydrous metatungstate. The absorption band of 
water in the 3 uw region in the spectra of these 
hydrates consists of two components: a wide 
component (maximum at 3400 cm7!) and a narrow 
component (maximum at 3560 cm7l). (Just as in 
the case of sodium paratungstate the absorption 
component peaking at 3560 cm7! could be attri- 
buted to the valence vibrations of the hydroxyl 
group linked directly to the tungsten atom.) 
The shape of the band as a whole remains the 
same in all the hydrates; however, the integral 
intensity of the band decreases, while the rela- 
tive intensity of the narrow component increas- 
es somewhat in going from the higher to the 
lower hydrates. This invariance of the shape 
of the water absorption band, in our opinion, 
indicates that the coordination of the water 
in the investigated hydrates does not change 
with gradual dehyrdation of the highest meta- 
tungstate hydrate. 

The character of the absorption spectra 
in the region of the valence and deformation 
vibrations of the metatungstate anion also does 
not change significantly in going from the 
highest to the lowest of the investigated hy- 
drates; only the relative intensities of the 
individual absorption bands are modified to 
some extent. This invariance of the general 
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character of the spectrum indicates that the structure of the anion is essential. 
ly the same in all the investigated sodium metatungstate hydrates. 

On the basis of the results obtained for the different sodium para- and 
metatungstate hydrates, we can draw the general conclusion that where these sub- 
stances are concerned there is a direct correlation between the coordination of 
the water in the hydrate complex and the structure of the anion of the isopoly 
compound: when the coordination of the water changes incident to dehydration, 
the structure of the anion is modified, while when the type of coordination re- 
mains the same, the initial structure of the complex persists. 


Institute of Physical Chemistry 
Academy of Sciences of the USSR 
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SPECTROSCOPIC METHODS OF INVESTIGATING CATALYTIC CONVERSIONS ON METAL FILMS 
- V.M.Griaznov, V.D, lagodovskii & V.I.Shimulis 


Metal films obtained by vacuum sublimation are distinguished from metallic 
catalysts prepared in other ways by the high purity and cleanliness of their 
surface. The catalytic activity of such films, however, is not high and de- 
teriorates rapidly with time, particularly at elevated temperatures. For rapid 
determination of the extent of catalyzed conversions, we used optical cells onto 
the walls or windows of which a film of the desired metal could be applied by 
vacuum evaporation. If one of the substances participating in the catalytic con- 
version has a far larger absorption coefficient at some frequency than the other 
compounds present, one can readily follow the course of the reaction by observ- 
ing the optical density of the reagent vapor in the given frequency interval. 

By using a recording spectrograph one can obtain a curve of the variation with 
time of the optical density, i.e., a curve characterizing the kinetics of the 
reaction. 

By observing the ultraviolet absorption spectra we investigated the kinetics 
of isomerization of allylbenzene to propenylbenzene, 


(\ CH,—CH=cH, (\cH=cH_ cH, 
U 


on palladium films. The palladium films were deposited by sublimation at a 
vacuum of 1°107° mm Hg on the walls of a quartz cell 150 mm long with end windows 
(1 and 1' - Fig.1) 40 mm in diameter. 

For sublimation of the metal, the palladi- 
um wire 2 was held near the axis of the cell 
by the weight 3 which simultaneously served to 
shield the bottom window of the cell. The top 
window was protected against deposition of pal- 
ladium by the molybdenum leads 4. After ob- 
taining a specular palladium film of about 
1000 A thickness, the two stopcocks were closed, 
the cell was detached from the vacuum line and 
mounted in front of the monochromator slit. 
In the viewing position, the weight 3 dropped 
onto the wall of the cell out of the way of 
the light beam. 


PUMP We used a ZMR-2 mirror monochromator with 
Fig.l. Quartz cell for spectro- a photoelectric attachment for recording the 
scopic investigation of cataly- absorption spectra of the allylbenzene and 
tic conversions on metallic propenylbenzene vapor mixture forming during 
films. the catalytic isomerization. There was no 


provision in the design of the ZMR-2 instru- 

ment for protection of the photocell from extraneous light, which greatly ham- 
pered the work. The recording was greatly improved by installing a light-proof 
sleeve with a movable shutter between the exit slit and the photocell. The shut- 
ter allowed of beginning and ending the recording at precisely known points. 

Investigation of the spectra of mixtures of allylbenzene and propenylbenzene 
vapor of different composition at a constant total pressure of 0.65 mm Hg showed 
that the presence of allylbenzene vapor had virtually no effect on the absorption 
at 2550 A and that the optical density at this wavelength varied linearly with 
the propenylbenzene vapor pressure. Thus it was feasible to determine the depend- 
ence of the extent of isomerization of allylbenzene on the experimental condi- 
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tions from the optical density vs time curves. A detailed description of the 
technique and the results obtained in the experiment have been published earli- 
jl 
er+. 
We used an identical cell for investigating the kinetics of conversion of 
1,3-cyclohexadiene to benzene and cyclohexene: 


\ () Any 
\F Le 


This reaction goes to completion on a palladium film within a few minutes 
even at room temperature, but the spectroscopic techniques allows of determin- 
ing its kinetic sequence. 

The transformation of the cyclohexene forming in the above reaction into 


benzene and cyclohexane - 
fC re 2 
(]- fe) @ 


A RL Na 


~ proceeds appreciably more slowly. The extent of conversion of the cyclohexa- 
diene was determined from the decrease of absorption at 271 mu, where the absorp- 
tion of cyclohexadiene vapor is high, while the vapors of benzene, cyclohexene 
and cyclohexane do not absorb. 

The conversion of cyclohexadiene was also investigated on transparent pal- 
ladium films of about 100 A thickness, which were applied directly to the windows 
of a one-piece quartz cell 16 mm long. The reaction proceeded on these films at 
a noticeable rate even at room temperature. Experiments were also carried out 
at 85°, Prior to application of the palladium films to the cell windows, we in- 
vestigated the pressure dependence of the density of the benzene vapor absorp- 
tion spectrum. It was found that at the chosen exposure, the most intense ab- 
sorption bands of benzene are not evident at vapor pressures under 0.3 mm Hg. 
The vapor pressure of the benzene obtained from cyclohexadiene at an initial 
vapor pressure of 0.5 mm Hg could not exceed 0.33 mm Hg, as will be evident 
from Eqs.(1) and (2). Hence it was thought that even after complete conversion 
of the cyclohexadiene into benzene and cyclohexane the absorption bands of ben- 
zene would be very weak. Actually, however, their intensity proved to be almost 
as high as at a benzene vapor pressure of 0.5 mm, which can be explained only by 
an apparent increase of the absorption coefficient of benzene adsorbed on the 
palladium film. 

It should be noted that at a pressure of 0.33 mm Hg and a cell length 
(thickness) of 16 mm there were about 2°107’ mole benzene vapor in the light 
beam. The visible illuminated surface of the palladium film on the cell windows 
was 14 cm2, Our measurements showed that the total film surface available for 
absorption of benzene exceeded the visible surface by a factor of about 10. The 
"sorption area" for a benzene molecule is approximately 40 A2. Hence in the ad- 
sorbed monolayer there could be 6-1078 mole benzene. Therefore, under our ex- 
perimental conditions complete 'filling'’ of the monolayer occurred at pressures 
considerably below 0.1 mm Hg with subsequent formation of polylayers at higher 
pressures. 

Consequently, with a cell length of 16 mm the absorption of ultraviolet 
radiation by benzene vapor was commensurate with the absorption of the adsorbed 
benzene layers on the cell windows. , 

*Huo Tiu Ok, Student in the Chemistry Department of Moscow State University, 
participated in these experiments. 
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We felt it would be of in- 
is terest to compare the absorp- 
tion spectrum of benzene obtained 
under these conditions with the 
spectrum obtained with a greater 
vapor layer thickness. For 
these measurements we used a 
large DFS-3 diffraction grating 
spectrograph with a dispersion 
of 2 A/mm and a theoretical 
resolution of 144,000. The 
Soe ea spectra were recorded with a 
slit width of 0.011 mm and an 
exposure of 2 hours. The con- 
tinuum source was a superhigh 
pressure xenon tube. With a 
layer thickness of 170 mm and 
I a benzene vapor pressure of 0.1 
mm Hg, 52 absorption bands were 
discernible in the spectrun. 
Most of these were comparable 
in width with iron arc emission 
- lines. 

For determining the fre- 
quencies of the benzene absorp- 
tion bands we plotted disper- 
sion curves with reference to 
standard iron arc lines; these 

Fig.2. Microphotograms of sections of the ab- for <3 A intervals were straight 


sorption spectra of benzene: I - at a pres- lines in all cases. The disper- 
sure of 0.5 mm Hg in a 16 m cell, II - ob- sion did not differ by more than 
tained from cyclohexadiene on films of pal- 0.05 A/mm in different parts of 
ladium deposited on the windows of the same the spectrum. The positions of 
16 mm cell. the benzene absorption band and 


iron arc lines were measured by 
means of an IZA-2 comparator to within 0.002 mm. Each line and band was measured 
10 times; the deviations from the arithmetic mean were generally less than 0.003 
mm, which corresponds to an accuracy of +0.4 cm7l in determining frequency. The 
microscope cross-hair was aligned with the center of the iron lines and the nar- 
row benzene absorption bands; in the case of the wide absorption bands the measure- 
ments were made with reference to the short wavelength edge. 

The results for a number of bands are listed in column 3 of the accompany- 
ing table. Column 1 gives the absorption band assignments according to Sponer, 
Nordheim, Sklar & Teller?2. The frequencies determined by Radle & Beck? for a 
500 mm thick benzene vapor layer are listed in column 2. For the bands with a 
sharp short-wavelength edge these authors evaluate the accuracy of their deter- 
minations as +1 cm-l, It will be seen that in most cases our frequency values 
obtained for the 170 mm thick layer agree with the values of Radle & Beck within 
0.5 em71; for some bands, however, the difference is appreciably greater (column 
4). 

The deviations from the values of Sponer et al as a rule increase when we go 
to the spectrum of benzene vapor at 0.5 mm Hg pressure in the 16 mm quartz cell. 
The frequency values for the 16 mm cell are listed in column 5 of the table. 
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Frequencies (cm7l) of benzene absorption bands, reduced to vacuum 


P 
tesieo—T s00 om | 270mm | [46 mm pee 
mer layer, 3} layer,Vo Vo-Vi layer, Vs VeV4 dow, V4 Va-V14. 
(Ref. 2) (Ref. 8 (our data (our data) Capnatat 


1 2 3 7 8 
Bi 37321,4 37321 ,7 0,6 
y 37481 ,9 37481,8 |—0,4 
A’ 37616,8 37617,6 0,8 
Bi 38245, 4 38245, 4 0,0 
38281, 4 38281 ,3 0,2 
A2 | 38285 ,2 38284,8 |—0,4 
: 392923 392929 0,6 
B? 38407, 0 38406,5 |—0,5 
At 38448, 4 38447,9 |—0,5|  38447,7  |—0,7 39447 ,7 =—0,7 
0 { 38452,4 38452,2 |—0,2|  38452,4 |—0,3 384515 —0,9 
te 38523 , 0 38522,9 |—0,1]  38522,8 |—0,2 38522 ,5 —0,5 
38607, 5 38605,6 |—1,9 
AG 38612, 2 38611,4 |—0,8| 38640,3 |—41,9 38610, 4 —2,4 
BS 39168,5 | 39168,1 |—0,4 
39204,5 39206,3 1,8 
A; | 39209, 3 39207,9 |—1,4 
39215, 6 39215,5 |—0,4 
39272, 4 39271,8 |—0,3 
Cs | 39281 , 4 39279,3 |—2,4 
39287 ,7 39287,8 0,1 
By 39330, 6 39329,9 |—0,7 
39371 ,2 39370,9 |—0,3] 39370,5 |—0,7 39371, 4 0,2 
C2 39376, 1 39375,6 |—0,5 
: 40366 , 4 40365,4 |—1,0 


We also obtained the absorption spectrum of benzene forming as a result of 
catalytic conversion of cyclohexadiene for 15 min at 85° on transparent palladium 
films applied to the windows of the 16 mm cell. The initial pressure of the 
cyclohexadiene vapor was 0.5 mm Hg. The band frequencies obtained in this case 
are listed in column 7. 

We noted above that the pressure of benzene in these experiments could not 
exceed 0.33 mm Hg. The intensities of the absorption bands in this spectrun, 
however, as may be seen from Fig.2, scarcely differ from the intensities of the 
corresponding bands in the spectrum of benzene admitted into the same cell but 
without Pd films, when the vapor pressure was 0.5 mm Hg. 

In addition te the increase in the coefficient of absorption of benzene ad- 
sorbed on palladium films, as compared to benzene adsorbed or deposited on the 
quartz windows, we detected small differences as regards the band frequencies 
(compare columns 5 and 7). Further investigations of this effect are indicated 
with a view to determining the reasons for the increase in absorption and the 
apparent frequency shifts of some of the absorption band. 

We take this opportunity to thank V.M.Tatevskii for valuable advice. 
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APPLICATIONS OF THE WEAK-FIELD FREE NUCLEAR INDUCTION TECHNIQUE IN 
HIGH-RESOLUTION RADIO SPECTROSCOPY 
- A.A.Morozov, A.V.Mel'nikov & F.1I.Skripov 


Some years ago Packard & Variant proposed a new technique for observing 
free nuclear precession, a technique which made it possible to extend investi- 
gations of this effect into the range of very weak magnetic fields (of the order 
of the Earth's field). What is observed is essentially a decaying chain of 
oscillations induced in the receiver coil owing to precession of the nuclear 
magnetization vector, arising after nonadiabatic removal of an auxiliary strong 
field (the equipment has been described in Ref.2). Until now, the new technique 
has been used almost exclusively for precision measurements of weak fields. Yet 
it undoubtedly presents a considerable interest from the viewpoint of radio spec- 
troscopic studies; in particular, in view of the great homogeneity of the Earth's 
field, the technique allows of realizing a very high absolute resolving power 
(to fractions of a cycle) with relatively simple equipment. 

In the present report we shall give two examples of application of the weak 
field technique to the problems of radio spectroscopy. 

The first problem consists of investigating the fine structure of nuclear 
resonance signals due to indirect (electron shell) interactions of nonequivalent 
nuclei in a molecule. It has been noted by Gutowsky et al? that the character 
of the splitting in this case does not depend on the field level, provided the 
inequality | Va— vp| > a/h is fulfilled (ais a coupling constant characterizing 
the magnitude of the splitting; v4 and vg are the resonance frequencies of the 
interacting nuclei). Hence in such investigations the absolute resolving power 
is important and the use of weak fields is justified. 

For our investigation we chose tributyl phosphate (TBP): 0 = P(-0-CH9-CH>- 
-CHp-CH3)3- In strong fields this molecule would yield a nuclear resonance sig- 
nal with a very complex structure owing to a) chemical shifts due to nonequiva- 
lently located proton groups, b) indirect magnetic interaction between these 
groups and c) indirect interaction of the protons with the P31 nucleus. In the 
case of a weak (the Earth's) field, the chemical shifts virtually disappear, 
which in turn should lead to the absence of splitting produced by the indirect 
magnetic interactions between proton groups (nonfulfillment of the inequality 
| va — vp| S> a/h). Such simplification of the spectrum, which makes it possible 
to separate the mutual influences of nuclei of different types (in this case Hi 
and pel) , is one of the advantageous features of the weak field technique. 

One of the photographs of the free nuclear induction signal obtained from 
a TBP sample with a volume of 600 em? is reproduced at the top in Fig.l,a. The 
recording was carried out by means of a loop oscillograph with a film advance 
rate of 30 mm/sec; so that the individual periods of the signal, which had a 
frequency of ~2160 cps, are not resolved in the photograph. In order to slow 
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Fig.l. a - Photograph of free proton induction signal from tributyl phosphate 
(TBP) and its averaged envelope (in the t = 0 to 0.6 sec range the vertical 
scale is 5 time smaller than for t > 0.6 sec); b —- spectral representation of 
the same signal (Fourier transform). 


down the attenuation of the free precession, the sample was heated to 200°. As 
may be seen in the photograph the signal envelope exhibits a clearly pronounced 
beat pattern, indicative of the multiplet character of the spectrum. 

The initial signal-to-noise ratio exceeds 40. Inasmuch, however,as the 
beats are evident primarily after the amplitude has decreased by an appreciable 
factor, further processing of the experimental results was based on careful 
averaging of the signal envelopes from the 9 best photographs (with preliminary 
subtraction of the average noise level). The final appearance of the envelope 
is shown in Fig.l,a (bottom) with evaluations of the probable error at different 
points. The multiplet structure of the spectrum obtained by numerical conver- 
sion (Fourier transforms) is shown in Fig.1,b.* It will be seen that there are 
clearly resolved components of the signal only +1 cycles distant from the cen- 
tral peak (it should be noted that the actual resolution of the equipment is even 
higher, so that essentially the natural line width is observed in this case). 

Inasmuch as the spin of the pol nucleus is 1/2, any group of equivalently 
located protons in the TBP molecule should give a doublet signal. The centers of 
all the doublets should coincide, while the magnitude of the splitting should be 
the greater, the stronger the interaction with the P31 nucleus. Hence the end 
components (Ay = +4 cps) are obviously due to protons of the three CHg groups 
closest to the P core, etc. The central and most intense line in the spectrum 
is formed by superposition of the unresolved components from the more remote 
parts of the molecule. It must be noted, however, that upon more detailed ex- 
amination of the spectrum there become evident certain anomalies that cannot be 
explained in the framework of the above simple scheme. Among these anomalies 
are the presence of the broad peaks at AV = +2.5 cps, the very slow falling off 
of the spectral curve at large values of AVY, and the very poor agreement between 
the integral intensities of the observed components and the number of H atoms in 

*The data at this stage of the work must be regarded as preliminary inasmuch 
as the method of conversion to the spectrum requires more rigorous justification. 
In particular, the symmetric character of the spectrum was postulated in carry- 
ing out the Fourier transform (in this case symmetry should be expected on the 
basis of the current concept regarding the mechanism of the effect). 
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the corresponding groups. The most probable reason for these anomalies, in our 
opinion, are indirect interactions between protons, which so far have not been 
taken into account. Although by going over to weak fields the spectrum is un- 
doubtedly simplified, there still remains a certain nonequivalence of the pro- 
tons, connected with differences in their interaction with the P31 nucleus. 
This nonequivalence is probably sufficient for the spin-spin coupling of the 
protons to have an appreciable influence on the character of the spectrum. At 
present we are carrying out a theoretical analysis of this case.* 

The second problem we shall touch upon here is of interest from the stand- 
point of metrology and possibly for the theory of magnetic shielding of nuclei 
in molecules. As is known, the invariance of the proportionality factor between 
the field intensity and the nuclear precession frequency k = (1 — c)/2x (where 
yis the nuclear gyromagnetic ratio and oc is the coefficient of magnetic shield- 
ing of the nucleus by the electron shell) has been thoroughly checked experi- 
mentally only in the range of strong fields. In weak fields, the experimentally 
covered range is still too narrow to permit of drawing a general inference re- 
garding the invariance of k; moreover difficulties connected with precise 
measurement of the field strength have made it impossible to establish the con- 
stancy of k with an uncertainty smaller than 0.01%.9:6 
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Fig.2. Beats between the precessions of Ww and F19 nuclei; beat frequency ~130 
cps. 


Hence we undertook measurements of the ratio of the resonance frequencies 
v (F2®)/v(H?) = k (F**)/k (H1) in the Earth's magnetic field and a comparison of our 
results with the data available for strong fields. By way of the fluorine con- 
taining substances, we used CH9C1-CFClo or CFCl3; by way of proton containing 
substance - distilled water. Both samples were placed in the same receiver coil. 
The frequency of the beats was measured by comparing with time markers simultane- 
ously recorded on the film (Fig.2). We also tried simultaneous recording of both 
signals by means of a two-channel system. Upon averaging over a series of 
measurements, we obtained the following results: 


CF2C1-CFCl, and H,0: &(F!)/k(H') = 0.94092040.000020; 
CFCl, and H,0: &(F!)/k(H") = 0.940987+0.000030. 


In strong fields Siegbahn & Lindstrém? obtained a value of 0.940934+ 
+0.000015 for k(F")/k(H') in CF5C1-CFClg and water, respectively. Thus the diver- 
gence between the data for strong and weak fields in only 0.0015% and well within 

*After submission of the abstract of this report to the Organizing Committee 
of the llth All-Union Conference on Spectroscopy, there appeared the first re- 
port4 in the foreign literature on investigation of the fine structure of nuclear 
magnetic resonance in the Earth's field. We note that the authors of this con- 
tribution with no argumentation assert that in a weak field there should be ob- 
served a single averaged beat frequency. Our experimental results for TBP show 
that this is not necessarily always the case. 


= TP30) = 


the limits of the experimental error. It may safely be assumed that both k(F!*) 
and k(H!) remain constant (at least within the same limits), for otherwise, it 
would have to be inferred that the changes in k(F) and k(H') in going from 
strong to weak fields are identical, which is scarcely plausible in view of the 
fact that the substances and their nuclear precession frequencies are different. 

There are no data on the CFCl1.,-water pair in strong fields. However, from 
our results one can calculate the chemical shift of the F19 signal in the Earth's 
field in going from CFp2C1-CFClo to CFClz; computations yield (0.7+0.3) -1074, 
Measurements of this quantity in strong fields® gave (0.73+0.02)°1074, i.e., 
again we have agreement within the limits of the experimental error. It is in- 
teresting to note that for detection of the chemical shift in this case, it was 
necessary to measure the difference between two resonance frequencies amounting 
to only 0.14 cycle. 


Physical Scientific Research Institute 
"A.A, Zhdanov"” Leningrad State University 
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ROTATIONAL SPECTRUM OF WATER VAPOR IN THE 50 TO 1500 y REGION* 
- N.G. Iaroslavskii & A.E.Stanevich 


The rotational spectrum of H90 has been studied by a number of authors.175 
It has been investigated in greatest detail in the 18 to 135 uy region4:5 and in 
the middle infrared (4.5-13 11) region® in which the Vo (6.26 ) vibrational ab- 
sorption band of the H90 molecule is located. Analysis of the rotational struc- 
ture of this band made it possible to calculate the rotational energy levels of 
Hg0 for the ground state of the molecule and evaluate the molecular constants. 

Recently, a number of investigators’-10 have obtained the rotational spec- 
trum of H90 in the longer wavelength section of the infrared range; however, 
they did not study it in detail, but only recorded it primarily for the purposes 
of calibration and checking the operation of their long wavelength spectrometers. 

Below we give the results of our investigation of the rotational spectrum 
of H90 in the 50 to 1500 p (200 to 7 cm71) region at different water vapor pres- 
sures and under optimum recording conditions. 

The absorption spectra of water vapor in room air were recorded on a DIKS-1l 
vacuum long wavelength grating spectrometer, developed by us and described in 
Refs.ll1 & 12. Replacement of the original thermal element with a photoelectron- 
optical amplifier by the optical acoustical radiometer developed recently by 
N.A.Pankratov!3 made it feasible to record the absorption spectra of different 
substances by means of an EPP-09 recorder in the 50 to 1500 » region with a maxi- 
mum resolution of 0.2-0.3 em71, the average accuracy in determining wave numbers 
being 0.02 cm-l and intensities <10%. 

To encompass the entire spectral region from 50 to 1500 yw, we used 5 inter- 
changeable echelette gratings: 3 gratings with constants of 0.0833, 0.1666 and 
0.5 mm (12, 6 and 2 lines per mm, respectively) were prepared in the laboratory 
of F.M.Gerasimov; the other two gratings with spacing constants of 1.5 and 2.5 mm 
were ruled on a precision milling machine. The radiation source in the 50 to 
100 region was a platinum ribbon coated with thorium oxide and heated to 1580° 
by electric current; the source for the 100 to 1500 » region was a PRK-4 mercury 
tube. To exclude the higher order spectra and the scattered short wavelength 
radiation, we used a) selective modulation with a frequency of 9 cps (compensated 
KBr interrupter), b) reflecting filters working in the zero order of the echelette 
gratings with constants 0.3, 0.5 and 0.85 mm for the 140-300, 300-800 and 50- 
-1500 yp spectral ranges, respectively, and c) transmitting filters: a 4 mm thick 
crystal quartz window over the radiometer and a plate of 1 mm thick polyethylene 
covered on both sides with a thick layer of turpentine black mounted in front of 
the radiation detector. In working in the 50-200 yw region we also used crystal- 
line "residual" reflectors. The use of these diverse filtration procedures re- 
duced the amount of scattered radjation in almost the entire spectral range to 
a few percent; the exceptions were a few grating "glare intervals in which the 
background intensity was somewhat higher. 

In obtaining the absorption spectra of H0 vapor in air, the vacuum chambers 
of the source and spectrometer were connected by means of a sylphon bellows and 
the entire instrument was evacuated as a whole. The air pressure was reduced to 
the point where the individual Hj20 bands were clearly resolved and their absorp- 
tion lay in the 30-80% range. With an absorbing layer thickness of 7.5 meters 
(in the DIKS-1 instrument) and a relative air humidity of 70-80% at 20°, these 
conditions were attained for the middle wavelength portion of the spectrum at 
pressures of some tens of millimeters Hg (for the far infrared - at atmospheric 
pressure). 
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*Detailed report in "Optika i spektroskopiia, 5, 384 (1958). 
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Wave numbers and wavelengths of absorption bands in the rotational 
spectrum of H90 


50—100 w 
LSres Transition Values | Transition 
Observed Calcula-| ; Observed Caleul " / 
ted_. | Jem Je ted ce sale 
v,cm ? Ry th v,cm 1 v,em~* A, we voem72 

214,64 | 9.—10_, 455,61 | By =8% 

214,35 | 46,653 213,98 | 6-s—7-s 154,12 | 9, —9s 
212/71 | Qg—10-, | 153,50 | 65,147 | 153,47 | 5.s—6_s 
21266 | 10-,—11-11 152/43 | 10-»—10_s 

212°66 | 10-1>—11-1) 151,28 | 6-3—7-s 

208,40 | 47,985 | 208,41 | 4a, 150,50 | 66,445 | 150,49 | 21 —3 
’ 244 ) — =e 

202,80 | 49,310 202/76 | 39—4s 149,10 | 67,069 | 149,10 | 2, —3, 
Satta RTP Moana fee A eT vag es 

0, 4—10_¢ ’ ie 

200,10 | 49,975 {] 500’90 | 1os—10-¢ | 140,65 | 71,098 | 140,64 | 4.—5.5 
199,23 | 9,—9, 139.70 | 74'582 | 139,72 | 6-—7-. 

199,23 | 94—9, 139/00 | 71,942 | 139,04 | 6_5—7_, 
198,39 | 8,—8 138,95 | 9, —10-5 

198°39 | 8,—8, 138,88 | 8-,—8-¢ 
198,06 | 14. 4—14-19 137,83 | 10-3—10_1 

197,77 | 14-4,—11- 135,86 | 9-9—9-4 
197,62 | 9-.—10-4 | 135,30 | 73,910 | 135,30 | 10_s—10_s 

197,55 | 50,620 | 197,54 | 8-e—9-¢ 134°45 | 9-3—9, 


195,90 51,046 195,90 8_3—9_5 133,45 74,934 133,44 6_1—7_3 
194,38 51,467 \ 194,39 99—10_9 | 132,65 75,386 132,68 2-1—3) 


194,37 | 9_-,—10_15 432,44 | 81—8 
498 Soni §pteQng 131,98 | 5, —54 
188,25 | 53,121 | 188,27 | 4, —5, 134,92 1 To o—Za 
183,45 | 54.544 | 183,43 | 5 5—5; 131,91 | 6, —6, 
181,43 | 55,118 | 181,44 | 75—8_5 131,76 | 53 —5s 
179.541 Bein Be 131,01 | 6, —6, 


17954 | 8, —8, | 128,65 | 77,730 | 128,66 | 71 —7s 

17932 | 9 —9, | 127,00 | 78,740 | 127,02 | 34—44 

179°31 | 10, —10g 126,75 | 5 g—6-4 

179°21 | 10-9—10., | 124,90 | 80,064 | 124,97 | 7 —8-2 

17918 | 95 —9, | 124°35 | 80,418 | 124,32 | 94—9-s 

178,83 | 10. —10, 12410 | 8, —8-2 

Me hoot | 178,03 | 10-syA0-s | 423,00 | 81,304 | 123,07 | ToT 
got {| 178°59 | 7, —7, 2 Baie 
121,90, |-82,032 4) $5088 | coreg 

177,55 | 56,322 | 177.58 | 3, —4s 120,50 | 8s8-s 
176.13 | 8 ¢—9-¢ | 120,13 | 83,243 | 120,12 | 54—6-6 

176,10 | 56,786 \| 176’06 | 8,—9-, | 117,93 | 84,796 | 117,92 | 72—7-s 


173)47'3| -57,6472c) 478747] 7B 116,90 | 9.—9: 
4700 4t | oS uel 116,65 | 85,726 | 116,64 | 8 s—81 
170,35 | 58,703 | 170,33 | 3: —4 111.73 | 10_.—10, 


r= if 411,44 | 2, —3 
166,65 | 60,006 | 166,63 | Gg—7-, | t#t.41 | 90,001 \ 11°44 | 72—7%, 
\ 166,44 | 72—8¢ 107,78 | 92,782 | 107,79 | 61—6; 
161,85 61,786 | 161,82 | 4.4—4, 407,15 93,327 | 107,15 | 7-4—7~2 
aren ee 160,29 | 9.s—9_¢ 406, 12.0 35, ak 
’ Pee 22, 160,24 8_1—9_3 105,67 94,634 apenas pa 


157,85 | 63,354 | 157,86 | 7_,—8_, 105,37 | 8, —91 
157,66 | 7-¢—8-s | 104,53 | 95,666 | 104,55 | 4.4—5.4 

156,71 |. 7-2—7e 104,31 | 45 —4, 
ea | ae oes | oe 

6,44 4 76 01,5 1 —93 

pts 63,918 { 156,44 | 6, —6, | 100,55+ | 99,453+ | 100,53 | 45—5_s 
156,40 | 8, —8s 100,12 | 10.6—10_4 

156,30 | 9, —9 100,03 | 8-c6—8-4 


—— 
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Continuation of wave number & wavelength table 


100—1500 wu 
Values ce Values a 
Observed Calcula Transition Observed Calcul Transition 
| ted Jd, Sota lie = ame eed Jos, 
Vom t| Ap Yoon? V,om2] Ae v,an-2 
99,07 tS 55,42 180,4 ean (ee) 
+ ’ yk -3 ’ ’ ’ nS 1 
99,07* | 100,9* {| 99792 fede ail page i871 || 58,44 | 44, 
98,67 5>—6_s SPS eae 
96,16 6—03 52,55 190 ,4 52,56 | 7s—6, 
96,15+ | 104,0+ {] 96,16 Al, —6_. 54,42 5o—6, 
96,05 O65 50,87 10,—145 
94,39 9,—-10, 47.4? |. 10 4—9-5 
92,58+t | 408,0+ | 92,54 1—% 47,04+ | 242,4+ | 47,05 | 5.s—5.4 
89,53 411,7 89,53 Gace i hae ey a 
88,87 y Bins A 44,56 9-—104 
88,71 big ae 44,16 226,5 44,13 5:—6_3 
88,04 113,6 88,06 a Fe | nae 
87,88 Mae De 43,28 5 ee 
85,67 9 ,—10_, | 42,54 235,14 42,56 b=, 
85,64 116,8 85,60 G75" | “40,98 244,0 40,98 Dhol 
84,74 3.229_. 40,45 sa, 
84,49 S29, 1 40,23 2486 40.9591 aog— es 
82 ; ; 4 121,8 83, 44 = 9 39 59 a8 
81,04 123 ,4 0,98 05H» 38, ing 
Serenades ar | 9077) Sly | eed fe 97>? { B8}80.10 S523. 
79,45 Fo 8) 38,63 at Sar 
79,00 126 ,6 78,97 Sie 38,45 pa 
78,22 127,8 78,24 ons eye i a ee 
77,50 129 ,0 77,54 O2<0-¥ 38,24 109>—1 17 
95,794 | 04=-10%, | 37,18 269,3 37,13 Oris 
75,55+ | 4132,4+ | 75,55 ere 36,95 | 10_6—9 
74,94 788 | 96,65 272,8 S60. 1 3.535 
74,12 134,9 74,09 hips “73700 303,4 32,93 is 
73,28 136,5 73,24 cette 32,09 311,6 32,26 aia 
72,20+ | 138,5+ | 72,24 Poyedeg | | 00,00 327,9 30,48 By~-4g 
69,64 Resets 28,99 9;—10¢ 
69,20 144,5 69,20 cee ee eee 359,6 97 78° | Bian 'Qirg 
68, 10 146,8 68,13 4 deg | 20y44 398 ,2 O54 | oa 
67,70 10s—103 21,67 8,—9s 
67,27 148 6 67,25 Gri 20,63 4g—5y 
65,87 8:29, 18,58 538,2 18,58. |  4ey—di 
64,96 Be- 1 je ane 
64,04 3_2— ; 6—O4 
64,00 | 156,2 {| g4’o1 | “a5. | 16,24 | 615,8 | 16,24 | 76-2 
63 ’ 24 4_4—35 15 , 83 44—5o 
62,84 9_——8.4 15,56 642,7 15,60 D4—62 
62,33+ | 160,4+ 62,29 5_1—51 15,01 666 ,2 14,98 33—4_1 
60,10 41s—126 | 14,76 677,5 14,74 i — 7 
59,95+ | 166,8+ | 59,95 ning , 14,66 5s—61 
50,80. °F. 6.4—6-3 |. 14,52 688,7 14,53 ie 
58,87+ | 169,9+ 58 ,87 6_2—6, a ae ret acy i 
57;29 yet —3_3 ’ ’ , 1— 4-1 
aan) 9474.6 { 57°29 | 66—5, | 10,87 | 920,0 | 10,86 | 4 —5s 
57,13 Seer, 10,78 | 9 3—-10_, 
55,68 179,6 55,69 4_4—2_1 6,12 2o—3_2 


By way of illustration, the spectrograms obtained for the 145 to 200 y and 
500 to 1450 w ranges are reproduced in Fig.1. These figures show the resolution 
attained (0.26 cm~1 at 180 1) and indicate the scanning rates and the signal-to- 
noise ratios. 

In the entire 50 to 1500 w range there were recorded 150 absorption bands, 
94 of which were identified as fundamental frequencies in the rotational spectrum 
of Hy0 and 11 as manifestations of some of the fundamental frequencies in the 
second order (see table). The measured wave numbers are compared with the wave 
numbers calculated from the rotational level energies given by Benedict et al. 
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Fig.1. Spectrograms of H90 vapor in the a) 145-200 » region and b) 450-1450 yu 
region. 


The plus signs (+) in the table identify wave numbers and wavelengths which were 
obtained not only in the first but also in the second order. As will be evident 
from the table, the divergence between the observed and calculated wave numbers 
is 0.02 em71 on the average, i.e., does not exceed the measurement error. 

Fig.2 gives a diagram of the rotational spectrum of H90 in the 50 to 1500 
u (200 to 7 cm71) region. The heights of the heavy vertical bars indicate the 
relative intensities of the individual bands. The light vertical lines in the 
upper part of the diagram give the calculated wave numbers; the triangles (J) 
indicate the theoretical values of the relative intensities of some of the bands 
according to Randall et al3, 

It may be of interest to compare our results with the data of other authors. 
Whereas in the 200 to 75 em7! (50 to 136 u) region the spectrum obtained in the 
present study differs little from the spectrum given by Randall et al? and only 
3 new bands were detected in this spectral region, in the lower frequency 75 to 
7 cm~1 (136 to 1500 uw.) interval, which was studied earlier only by McCubbin & 
Sinton’ and Genzel & Eckhardtosoe we found 27 new bands. The transition assign- 
ments for them are also given in the table. 
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Fig.2. Diagram of rotational spectrum of Hj0 in the 50 to 1500 y region. The 
bands identified by a + were obtained for the first time in this study. 
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DETERMINATION OF THE MOLECULAR STRUCTURE OF HDSe FROM ITS ROTATIONAL 
MICROWAVE SPECTRUM 
- V.G.Veselago 


In this study the vibrational spectrum of HDSe was investigated by means 
of a radiofrequency spectroscope with electric molecular modulation. All the 
measurements were carried out at the temperature of dry ice and a pressure of 
~1072 mm Hg. The frequencies of the absorption lines were determined by means 
of a quartz crystal frequency multiplier which was compared with the 200 Kc sig- 
nal broadcast by station PV-71. In the 8000 to 43,000 Mc range there were de- 
tected 10 transitions; these and the corresponding line frequencies are listed 
in Table 1. The lines corresponding to some transitions in the low abundance 
isotopes of selenium were not detected. The average accuracy in measuring the 
line frequencies is evaluated to be 1 in 105, while for some strong lines the 
accuracy is 1 in 5-105. The frequencies of the 10,,— 10,, and 11,,—1166. transi- 
tions were measured only by means of a cavity wavemeter and in this case the 
accuracies were somewhat lower. 


Table 1 
Line frequencies, Mc 
Transition 

HDSe® | HDSe® | HDSe’* | HDSe’? | HDSe™ 
4i0— Lin 41476,1 41504,5 41534,1 41549 ,0 41565,4 
2eo— 201 9127,75 9138 ,55 9149 ,65 9155,85 9161,5 
321— _ 322 43058 , 4 43106 ,6 43156,8 43183 ,1 43209 ,8 
iin ie 8756,7 8771.05 8786 , 05 8793, 95 8801 , 85 
Dg2— O33 33023 ,0 33075 ,4 33129,7 Bololse 33188 , 2 
te 22184, 4 22230,0 22277 ,6 22302,3 22327,7 
9sa— 955 13827 ,7 13862 ,65 13899 ,3 13918,3 13937,8 

105s—105¢ — 38629 38724 — —s 
Age—Adien 8215,8 8240,6 8266 ,6 8280,0 8293 ,6 

1266—1 267 pa, 23249 ,8 | —_— —— = 


In addition to measuring the line frequencies, we investigated their Stark 
splittings! for the purpose of determining the dipole moment of the HDSe molecul: 
We obtained a value of 0.62 debye for the dipole moment, which is in marked dis- 
agreement with the data of Jache et al? who obtained a value of 0.24 debye for 
the dipole moment of the DoSe molecule. It should be noted, however, that our 
value of 0.62 debye is in good agreement with theory if one uses the curve for 
the variation of the ionic character of the bond with the electronegativity of 
the atoms forming it, given by Townes & Schawlow?, 

As will be seen from Table 1, the observed transitions represent transition: 
with AJ = 0 (Q branch). Calculations indicate that the given wavelength range 
includes a series of transitions with AJ = 1 (R and P branches); but the intensi- 
ty of these transitions is much lower than that of the Q branch transitions. Tw 
@ branch transitions, namely, 6 2—-6,,; and 8,,—-8,;, lie at frequencies of about 
6000 to 60,000 Mc, respectively, and hence were not observed by us inasmuch as 
these frequencies lie outside the range of our spectroscope. : 

In the rigid asymmetrical top approximation the frequency of a Q branch 
transition is given by the relation 


A—C 
2 


E"(x). (1) 


‘= 


Here’ E’(x%) 48 2 tabulated* function of the molecular asymmetry parameter 
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aeeed ss A—C 


ase and A, B and C are the reciprocals of the moments of inertia of 


the molecule. Inasmuch as the structure of the HDSe molecule is characterized 
by only two parameters - the bond length ’se-y = 7se_p = 7 and the H-Se-D valence 
angle - for its determination, it is sufficient to know the frequencies of only 
two transitions. However, if on the basis 2f the molecular structure determined 
in this manner one evaluates the frequencies of the other transitions, there is 
obtained a considerable divergence from the experimental values. This indicates 
that in carrying out such calculations one must take into account a correction 
for the presence of centrifugal distortion®. The pertinent theory® shows that 
in this case the transition frequency v;, depends on seven unknown parameters, 
namely, (A - C)/2, x and five centrifugal distortion constants: z,, 2, 23, % 

and <z,, that is, 


van= SSS B(x) [1 + KI (SF +1) 0, + (K —1)S (J 41) + K (K? + 2) amy + 


—— Zs, | fe Se i, 
+{ %—2x,| if K is even, (2) 
4t4— Zs, if K is odd. 


Thus in order to determine all the unknowns, one must solve a set of seven 
nonlinear equations with seven variables. Inasmuch as conventional solution of 
such a set of equations is extremely difficult, the problem was solved with the 
aid of the BESM electronic computer. The frequencies of the seven transitions, 
449111, 229 —251, 3n3—3 22, 43:—432, D32—533, T4g—T44,and 9,,—9,, were used in the compu- 
tations. . 

The values obtained are listed in Table 2. The absolute values of (A - C)/2 
listed in the table comprise an absolute error of +3 Mc, the values of * an un- 
certainty of +0.00005. The data of Table 2 were then used for calculating the 
frequencies of 10;,—10,,, 11,,—1166 and 12,,—12,, transitions. The frequencies cal- 
culated in this manner are compared in Table 3 with the observed values. The 
table also lists the frequencies calculated on the basis of the rigid top model; 
in this case for determining the molecular structure, we used the frequencies 
of the 1,,—1,, and 2,,—2,, transitions. 


Table 2 
| HDSe*3 | HDSe® | HDSe® | HDSe” | HDSe™ 
| 

A—C 
Th a Mc 79744 79760 79782 79785 79799 
x —0,47911 —0, 47884 —0, 47862 —0 , 47843 —0,47829 
21-104 —0,410 —0,439 —0,433 —0,506 —0,466 
2-108 0,162 0,168 0,166 0,177 0,174 
%3-108 —0,510 —0,519 —0,517 —0,525 —0,533 
v4:104 0,597 OP out, 0,594 0,534 0,559 
5-104 —0,132 —0,122 —0,134 —0,135 —0,101 


All the data in Table 3 pertain to the HDSe® molecule. As may be seen from 
the table, taking into account "non-rigidity"” of the molecule appreciably improves 
the agreement of the calculated with the experimental frequency values. The val- 
ues of (A - C)/2 and x, taken from Table 2, can be used for calculating the 
structure of the HDSe molecule. The values of (A - C)/2 and * are related with 
r and @ by the following expressions: 
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Table 3 


Transition] vexp»Me | Yealo» Me “rigia? Me Yoala exp? MC |yrig—Yexp» Me 
ti Ai 41504,5 
Qeo— 21 913855 
3e1— 320 43106 ,6 43104,2 —2,4 
431— 4go 8771 ,05 8801 ,3 30,25 
5s2— 933 33075, 4 33138 , 4 63,0 
Tas— Taa 22230 ,0 22368 , 2 138 ,2 
9sa— 55 13862 ,65 14043 ,1 180,45 
1055s—105. 38629 38672 38846 43 Zs ly | 
1165—1 166 8240,6 8237 8424,5 —3,6 183,9 
126.—1267 23249 ,8 23274 23483 ,3 24,2 233,5 
k2 M,M.M3 ig aye as 
eT 
Ar ONe = Se M Mz M 
(=) [V7.1 x») | rl[Vrad+x+1+«] a ie (3) 
k 2 (sin® Lap 4M,Mz3 + M2(M,; + Ms) 4 cos? Pi M2 (M\+ =?) r2, 
2 M,+ M2+ Ms 2 M\+M2+Msz 


(A \vrasH 


where M,, Mg and Mg are the masses of the hydrogen, selenium and deuterium atoms, 
respectively, and £is a numerical coefficient. If 7 is expressed in angstroms, 
Mj, My and Mg in atomic mass units and (A - C)/2 in megacycles, k= 5.05531°10°. 
However, an attempt to solve the above equations showed that they are incon- 
sistent; the incompatibility cannot be explained by experimental errors. In 
order to make the problem tractable it is necessary to assume that the inter- 
atomic distances Se—H and Se—D are not equal. This assumption can be justified 
physically if we bear in mind that in our calculations no account was taken of 
zero order vibrations. The frequencies measured by us are proportional to 
(A - C)/2, i.e., to 1/”. Owing to the presence of zero order vibrations, 1/7” 
varies harmonically with time and (A - C)/2 proves to be proportional to the 
averaged value of 1/7", In further calculations, however, instead of the aver- 
aged value (7)?, we shall use 


2 4 = 
rete pF (ry 
= y 
The magnitude of this inequality will undoubtedly be different for the Se—H 
and Se—D bonds, which vibrate with different frequencies and amplitudes. 
Having made this assumption regarding the inequality of the effective length 


of the Se—H and Se—D bonds, we can readily solve our problem; there are ob- 
tained the following values for the structural parameters: 


Tse_p= 1-44640.001 A, 7g, = 1-452+0.001 A, ee 1.004+0.001 A and @ = 90°, 
It is interesting to compare these data with the results of other measure- 
ments of the structure of the HoSe and DoSe molecules. Cameron et al’, on the 
basis of the vibrational spectra, obtained r= 1.6 A and m = 90° for the H»Se 
molecule. In the work of Palik®, based on the rotational infrared spectrum of 
HoSe, 7 was found to be equal to 1.47 & and the angle @ = 91°, Finally, Jache 
et al2 give the results of calculation of the structure of DoSe on the basis of 
its rotational microwave spectrum. These authors, using different pairs of ro- 
tational transitions with low J, obtained values in the range from 1.447 to 
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1.469 A for r and from 90.83 to 91.94° for p- It will be seen that all the 
authors referred to above obtained values of 7 greater than ours. This may be 
explained by the fact that in their calculations the centrifugal distortion was 
not taken into account and hence their values of r represent bond lengths 
averaged over all the rotational states of the molecule. It must also be noted 
that in the investigations of Cameron et al and Palik, which were carried out 
in the optical range, the lines associated with individual selenium isotopes 
were not resolved, which obviously leads to additional errors in determining 
the value of 7, 
The writer desires to express his sincere gratitude to A.M.Prokhorov for 
guidance and constant interest in the work and to V.V.Kobelev for assistance 
in carrying out the computations on the BESM computer. 


"P,N,Lebedev" Physical Institute, 
Academy of Sciences of the USSR 
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ROTATIONAL CONSTANTS OF FH,C-CH,C199 MOLECULES 
- I.A.Mukhtarov 


The present study was devoted to the microwave spectrum of fluorochloroeth- 
ane. Many molecules of the halogen derivatives of ethane, in particular, H.C- 
-CH5F and H2C-CHjCl have been investigated earlier, 1- 

The fluorochloroethane molecule is of particular interest in view of the 
fact that it can exist in different isomeric states, owing to rotation of one 
atomic group (about a single bond) relative to the other. In this case the mo- 
ments of inertia of the molecule change, whereas in the earlier studied mole- 
cules, the moments of inertia do not change incident to rotation of the atomic 
group about the single bond. Inasmuch as radiospectroscopic measurements give 
the rotational constants, which are inversely proportional to the principal mo- 
ments of inertia, having determined the rotational constants, we can find the 
azimuthal angle, i.e., determine the isomeric state, provided the other molecu- 
lar parameters (the lengths of the bonds and the angles between them) are known. 

Calculations show that change in the azimuthal angle for fluorochloro- 
ethane leads to an appreciably greater alteration of the moments of inertia than 
would follow from merely changes in the interatomic distances and bond angles. 
Hence having the rotational constants, we can determine the isomeric state of 
this molecule. 

Calculations of the frequencies and intensities of the absorption lines 
associated with the rotational transitions in fluorochloroethane in the rigid 
asymmetrical top approximation for different values of the azimuthal angle and 
for the two natural isotopes of chlorine showed the following: 

1. In the 10 and 30 kMc range one can expect to observe lines with an in- 
tensity of 107-5-10-8 cm7l, 

2. The intensities of the lines corresponding to the trans-isomer are low 
(1079-10-11 om-1) and hence probably cannot be detected by present-day equipment. 

3. The frequencies of the lines associated with individual transitions in 
molecules with C135 and c137 differ by tens and even hundreds of megacycles. In 
view of the natural abundances of C12° and c137, in an ordinary sample there 
should be about 25% molecules with c137, hence it should be feasible to observe 
lines pertaining to the FHpC-CH2C137 molecule, although their intensity should 
be appreciably lower than the intensity of the corresponding FHgC-CH,C195 lines. 

For the purpose of our calculations, we took the following structural 
datal,»3; interatomic distances: C-C = 1.54 A, C-H = 1.1 A, C-F = 1.37 A, and 
C-Cl = 1.78 A; bond angles: for the CH5F groups - tetrahedral angle (109°28'), 
for the CHjCl group - the H-C-H angle = 110°20', the H-C-C angle = 109°49' and 
the C-C-Cl angle = 111°30'. 

The chlorine nucleus has spin 3/2 and a quadrupole moment. In view of the 
quadrupole interaction of the chlorine nucleus with the electric field of the 
molecule there should obtain hyperfine splitting of the absorption lines. 

Calculations of the hyperfine structure of individual lines indicated that 
it should be feasible to resolve the components. Characteristic is the hyper- 
fine structure of the Q branch lines with 4K.) = 1 and AK} = 1, where with 
J > 4, the most intense are four lines, arranged in pairs; the ratios of the 
distances between pairs to the distance between the lines comprising the pairs 
does not depend on the molecular parameters but only on the value of J. Hence 
one can determine the value of J for a given transition from these ratios. 

We investigated the absorption lines associated with rotational transitions 
in fluorochloroethane in the range from 10,000 to 30,000 Mc by means of a radio- 
spectroscope with Stark modulation. The experiments were carried out at differ- 
ent pressures in the absorption cell and at two temperatures: room temperature 
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and the temperature of dry ice. The frequencies were determined by comparison 
with the frequency of the harmonics of a crystal oscillator, controlled by a 
200 kc frequency standard. The accuracy of measurement was 0.1 Mc. 

Over 400 lines of different intensity were detected in the experimental 
range. At pressures of 2+1072 to 4-10-72 mm Hg the hyperfine structure of some 
of the lines was well resolved; this was utilized for identification of the 
lines. 

From the hyperfine splitting ratios, we were able to determine the values 
of J for two Q branch transitions (J = 4—4 and J = 5—5). Gordi et a4 give 
the following expression for the frequencies of the Q branch absorption lines 
of a rigid asymmetrical rotor: 


y= ASE! (we) — EL (9), q@) 


where A and C are rotational constants, El (x) is the reduced energy and x is the 
asymmetry coefficient. The function El (x) is tabulated in Ref.5. Using Eq. (1) 
and the experimental frequencies of the J = 4—4 and J = 5—5 lines, we deter- 
mined the values of A - C and x. Then, using these values, we calculated the 
theoretical frequencies of the Q branch lines; subsequently, the corresponding 
lines were observed experimentally close to the calculated frequency values 
(Table 1). 


Table 1 
Line frequencies 
‘é ted a 
Transitions alculated| Observed AE ine Calculated} Observed, 
Me Mc Mc Mc 
1o1—1io 10729 ,7 10729,7 6o6—615 15504,3 15500,3 
2oe—211 11155 11155 313—4oa 15207 15204 ,6 
303—312 4481595 11815,4 414—5o5 21983,6 21979 ,4 
4oa—418 12737,6 12736 ,4 191—212 22236,7 22236 ,7 
Do5—O14 13954,8 13952,1 208—318 27788 , 4 27786 , 4 
515 —B6 28818 , 2 28812 


From analysis of the experimental hyperfine splittings of the 1 1:—1l1) line, 
we determined the values of the quadrupole coupling (Xa ¥%» and yc) in the direc- 
tions of the principal axes. 

In addition we observed and identified a number of R and P branch lines, in 
particular the 1,,—2,, line (V= 22236.7 Mc), which is located near the familiar 
absorption line of H)0 (V = 22235.22Mc). 

For a rigid asymmetrical rotor the frequencies of the absorption lines as- 
sociated with the 1,,—1,, and 1,,—2,, transitions are*; 


Via—11. = A plas C, (2) 
tae Fees lop (3) 


From the experimental frequency values for these lines, we determined the 
rotational constants of the FH,C-CHy)C195 molecule (Table 2). 

The calculated frequency values in Table 1 were obtained on the basis of the 
rotational constants determined from the experimental values of the 1,,;—1,) and 
1,1—2)5 line frequencies. 

As will be evident from the table, the experimental and calculated frequency 
values differ, the difference increasing for larger J. Apparently this diver- 
gence is due to appreciable centrifugal distortion inasmuch as the non-rigidity 
of the bonds was not taken into account in evaluating the rotational constants. 
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Table 2 
a | A, Me | B,Mc | c, Me | x 
Calculated 

Oz 41674 4098 3156 —0,7788 
60° 43067 3412 2926 —0,904 
Oe 43737 3238 2856 —0,9296 
80° 14599 3069 2782 —0,9514 
420° 20470 2544 2903 —0,9954 
180° 30655 2344 2240 —0,9927 

Experimental 
3289 ,9 2876,75 —0,923 


| 13606, 45 


Comparison of the frequency values shows that the general pattern of the 
arrangement of the experimental lines is in good agreement with the calculated 
pattern for @ = 70° (qa is the angle between the projections of the C—F and 
C——-Cl bonds on the plane normal to the C—C bond). 

The calculated values of the rotational constants and the asymmetry para- 
meter for different @ are listed in Table 2. It will be seen that the experi- 
mental data differ little from the calculated values for @ = 70°. 

Thus the experimental results show that there exists a stable isomeric state 
of the FH C-CH,C139 molecule with @ = 70°. This is the so-called convoluted 
isomer which can be realized by rotation of an atomic group about the single 
bond through 110° from the trans-configuration. From symmetry considerations 
one might expect 120° rotation (i.e., @ = 60°). This ~10° deviation of the azi- 
muthal angle is apparently connected with the strong repulsion of the fluorine 
and chlorine atoms. 

The following are the parameters of the FH2C-CH,C199 molecule calculated on 
the basis of the experimental data listed in Table 2: 


Xa = -23.5 Mc, 
ages BENCH 
% = +32.3 Mc. 


Finally, we note that we also observed and identified a number of Q@ branch 
lines associated with transitions in the FH9C-CH»)C137 molecule. This data is now 
being processed and the results will be published in the near future. 

The writer desires to express his gratitude to Dr.A.M.Prokhorov for valuable 
advice, 


"P,N,Lebedev" Physical Institute, 
Academy of Sciences of the USSR 
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DYNAMIC CONSTANTS OF MAGNETICALLY POLARIZED MAGNETOELASTIC (MAGNETOSTRICTIVE) 
AND ELECTRICALLY POLARIZED (ELECTROSTRICTIVE) MEDIA 
- K.V. Vlasov 


We derive equations describing the dynamic behavior of magnetically polar- 
ized magnetoelastic and electrically polarized electrostrictive media. These 
equations take into account nonequilibrium processes occurring in these media, 
and are obtained by using the methods of what is commonly termed the thermody- 
namics of irreversible processes (but might better be called simply "thermody- 
namics’ in the full sense of the word, as opposed to "thermostatics"). 

i. Let us suppose that the state (in general not the equilibrium state) of 
a magnetoelastic medium is specified by giving the values of the following thermo- 
dynamic quantities: the magnetization /,,, the derivatives 0u;/0z;, where the u; are 
the components of the displacement vectors of points in the medium, and in some 
cases 0/,,/dxz; (this latter, for instance, in the case of ferromagnets). In 
general, the state of a magnetoelastic medium must be characterized by additional 
variables, but we shall not consider these as yet. 

Let the state of the system be close to some initial state in which /,,= 0 

P60 and a ee 0 and let the medium in the initial state be magnetically 


| z; 


polarized, i.e., characterized by a homogeneous magnetization /, oriented along 
the z axis. We consider this system together with a large heat reservoir at a 
constant temperature T, and write the entropy of the total system in the form 


Te Sia | (Zot 


5; = Ja) dr, (1) 


where H,, and 3;; are the variable magnetic field strength and mechanical stresses 
(both zero in the initial state), and V = -TS', where S' is the entropy density 
of the system at H,= 0 and oj; = 0. 

The summation convention is used in (1) and henceforth for repeated indices. 


du, 
In the neighborhood of the initial state, that is for small hase and at 
we may write, with Biot,1 %; z; 
m9, sa Ou; Ou, 
V= 0 ae Ie ghig — Amn pq Oz, We: aL Piva ij es +: as ese di jx1 ee, Es ; (2) 


According to (1) and (2), the entropy change sabe pstn to given values 
of H,, and s;; is 


2 


Ou. 0 te 
oS = - 7 \ | Hn3Fm -- 3436 8 ( “ A Ae mn nd m le Imnpa 5, Ox Ox ae BT m 
oj 


, du, f , ( ou; i OU 
maths gi BT Rin ry Tad fe) — dina G8 e Jar —( amnsa 5a ab Bl nd Sy: 
d a 


We therefore have the following expression for the rise of entropy: 


oy Ou; . ; du, 


If we treat J, ana as Ao ee fluxes, we obtain the following re- 
bo 
F) 


lations between the fluxes and thermodynamic forces: 
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< O71 Ou; 
I, — \ [Kem (rr r') (Hy + Ginn pq Ow, ¢ Sa ae meal ‘) 


lon ii Ze 


, P j f du, ) 
+ Ay iy (rer \(c;; = hij din — ijn 3s ‘| dr’, 
{ 
(3) 
Ou, v7] Ou, 
an =a i m(0,F ai (1, -+ Conn pa Be = an aE him ie. : w) + 


, ; , , Ou, 
ts K jgi; (rjr ) (a,; = a ee ae ijk ax, *)) e's 
At the same time we have the Onsager relations2»3 


Kim (Ts Ly) = Aint tt ts a 
K;, ij (r,r’; I) =i Aa: { (yt = I); (4) 
Kygij (tor’; Lo) = Aiajsy (0.0; —T). 


Eqs.(3) reduce to 


; ae Oy , ' du; \ 
I, =e Lim \Am + Gn Pg dx, dz, Ox, = nnln = Naas On; } + 
Ole. ne 
+ Ly, ij c = hij, hie deei Ox, 
: = (5) 
du, Oa. Ou; 
dz = Lig m Hn + Qinn py Ox Ox, = Neel g racr hon, ij Ox; = S 
g n 
- » Ot 5 
+ by; (4,; ee Hey;, m Be e ~ i int On fol ’ 
if 
Kin (r,r’) = Lad (r,r’); Ay ij ee r oe ae Lt, ij (r, r’) 6 (r, r Oi 
Keg (t, vel pei) (0.0). (6) 


Using the evenness of the §-function, we obtain the following expressions 
for the kinetic coefficients: 


Lim (I) — Loma (= I); hags (15) = — Liji(— a (7) 
Ligi; (Lo) = Lijtg (== I). 


For a quasistatic process, by which we mean a process in which the thermo- 
dynamic variables change so slowly that their time-derivatives may be neglected, 
Eqs. (5) become 


rs ; ; du; 
Him+ Amn pa dx,dx, = {mol n ++ hin,ij Oe; ) 


ay (8) 


, , 1 
Sat = hit, nln + derigz— - 
a) 


These equations are the equations of state for quasistatic processes and, 
together with the boundary conditions, they determine the spatial distribution 
of the magnetization and deformation, as well as the dependence of this distri- 
bution on the magnitude and configuration of the magnetic field. 
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For solving problems involving the dynamic behavior of a magnetoelastic 
medium, one must solve (5) simultaneously with (7) and the equations of electro- 
dynamics (Maxwell's equations) and elasticity. The elasticity equations involved 
are 


.- do 5; 
de de, thy (9) 


where the /; are the body forces (for example, the force of gravity) and p is 
the density. 

2. Let us now examine the question of the number of independent tensor 
constants and the number of their independent components entering into (5) and 
(8). 

Eqs. (8) are equations of state. If we neglect those changes in the magnet- 
ization which are produced by deformation-determined density changes“, then, ac- 
cording to (2), there should obtain for these constants the reciprocity condi- 
tions: 


’ 


{mn = nm; Rin, ij= hi; my Aris = diskr, (10) 
(11) 


amnpq = Angm nm) 


which reduce the number of independent tensor constants and the number of inde- 
pendent components of these constants. 

For the tensor constants (i.e., the kinetic coefficients) characterizing 
the dynamic behavior of magnetoelastic media there obtain the Onsager relations 
(7) rather than the reciprocity relations (10) and (11). 

Let us utilize in addition the particular symmetry properties of our magneto- 
elastic medium. This will also reduce the number of independent constants. 

As an example, let us consider a magnetically polarized magnetoelastic medi- 
um which in the /, = 0 state is magnetically and elastically isotropic. Such 
magnetic symmetry properties are possessed, for instance, by a magnetically polar- 
ized paramagnet or ferromagnet whose energy in the external polarizing field is 
greater than the energy of the crystallographic magnetic anisotropy. 

It follows from symmetry considerations that for such a magnetically polar- 
ized medium Eqs.(5) and (8) should be invariant under the operation ||, a rota- 
tion through any angle about an axis parallel to the polarization magnetization. 
In addition, (8) should be invariant under RL}, where Li is a rotation through 
180° about any axis perpendicular to the polarization magnetization, and R is the 
operation of reversing the magnetic field and changing the sign of the time (time 
reversal).3 Eqs.(5) need not remain invariant under /tL;|, since in general they 
do not describe processes which are time-reversal invariant. It should be noted 
that magnetically uniaxial crystals possess all the above-mentioned symmetry 
properties if their mechanical properties are transversely isotropic, so long as 
the polarization magnetization is directed along the axis of easy magnetization. 

From symmetry considerations for an unpolarized medium it follows that (5) 
and (8) should be invariant under reflection in a plane containing /)(C.) ; further, 
one can establish the parity of the function (whether it be odd or even) which 
gives the dependence of the tensor constants and kinetic coefficients on the 
polarization magnetization. 

Since Eqs.(5) are invariant under fewer symmetry operations than are (8) and 
since the constants appearing in (5) are involved in relations (Eqs.(10)) which 
are somewhat different from those which involve the constants of (8) (Eqs.(7)), 
it turns out that the number of independent kinetic coefficients and their compo- 
nents will be greater than the number of independent tensor constants and their 
components (of the same rank and character) appearing in (8), the equations of 
state. 
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Using the Onsager relations and the above-mentioned symmetry considerations, 
we find,° that for our particular magnetically polarized, transversely isotropic 
magnetoelastic medium, the following components of the kinetic coefficients fail 
to vanish: 


Lo=Ly; Les; Loy = — Ly; 
L213 = — L432 = Lo31 = — Ly, 23; Los, = —Ls2 = L394 = — Ly 52: 
L321 = — Lo1,3 = Ly2,3 a L319; L399 = Ly 3 = Liy3 = L3i1: 


L 33,3 =e Ls, 333 L232= L392 = L331 = Ly.313 L, 23 = Los 2 2= 4)3, 1= Ly, 13) 


Looe, = Ly; Lsgs3;  Loors = Lirea; 22233 = Lessee = Les = £4333; (12) 
Lisig = Log03; Legis: = L232} Las = Lisa = L3203 = Loag32: 

Loie1 a L422; Loyi2 = Ly 901; L201 = =k L122 “5 Lye11 ia Lire} 

Lo212 = Ly 209 a Lo co. Ly 3013 L331 = oo Loi33 = ei Ly233= —Ls12; 

L332 ie L3213= Lies a L23313 L393 oer ye L313; L3132 a L231 


hs bs Ly201 = Lyyy ae Lyy22 nae Ly 219. 

Kinetic coefficients of the type Ly; Le; Ly, 23) Ly, 32, Ls. 12) Lari Lessss; Lys} Liss 
Log23, L3232 Less2, Lye and Ly.., are even functions of /,, while constants of the 
form 4}2, Liga L 3,333 Ly 31; Ly 33) Ly110; Lie, L312, Legsi, Lois and L321. are odd functions. 

Using (10) and (11) and symmetry considerations, we find> that the constants 
Yams Rn, kt» Rijm, dijxy aNd Gmnpq satisfy entirely similar relations and depend in the 
same way on /, as do the Lam, Ln, x, Li:,m and Lijni constants of the same rank, ex- 
cept that constants of the type Yon hy 93? hy 32) hs, 12) diniss din, Agai2, dogg, dog135 d; 
@y112> 1191, 43319, 42331, 4313 and 43031 Vanish. 

We note that those terms of (2), (5) and (8) which contain the constant fac- 
tor Gnnryq are determined by the exchange energy. If we ignore the magnetic con- 
tribution to the exchange energy® and assume that the exchange energy is invari- 
ant under rotation of the spin, d,,», must satisfy the subsidiary condition? 


3231> 


amnpg = OmpAng: (13) 


As a result, the independent components of this constant reduce to a,, and 
33. 
3. Let us now consider the case of a steady-state process in which the inde- 
pendent variables have a sinusoidal time dependence with an angular frequency ©. 


a] 
We first solve Eqs.(5) for Hin + Gnnpq 5G e and 3;;, Obtaining a set of equa- 
neq 


tions which is formally the same as (8) except that Yn, Amij, hij, m and dy; are 
replaced by the complex constants 


{na = Ynr a LOT wes lm, iji= hat ij + iwhm, ij) 
, - ” , ; ” 
Rij, m = Nijm + tohij, ms Axrig = Cerig + todgr; . (14) 


The double-primed constants here are determined uniquely by the kinetic co- 
efficients. They and their components are mutually related and depend on /, in 
the same way as do the kinetic coefficients of equal rank, i.e., according to (12) 


The complex constants of (14) may be called the dynamical constants of a 
magnetoelastic mediun. 


~~ 
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It is easily seen by studying the equations obtained that the stress tensor 
is not symmetric. 

As is usually done in elasticity theory, we introduce the strain and rota- 
tion tensors by 


(15) 


and decompose the stress tensor into its symmetric and antisymmetric parts (the 
latter gives the moments of the forces per unit volume) 


1 4 
3p =—5- (Sar + 3x) and Ty, = a (Fx — 22x). (16) 
The indices / and g take on the six values 1,2, onc tor instance, «=, 
3&4 = od Pee =) while p and g take on the three values 4, 5, and 6; for 
oN \ Oxy. Ox, }’ 
example, 
Oy = tf oe Be seat 
2 0x3 Ox5 / 
We then obtain 
pee wee" ° 
m + Amnpq de,,Ox, a Yinnd a oo Ringe g am Rng®q; | 
/ * Clas 
37 = NynIn + Cigtg + Ciq®q, 
Vr hile +4 Coty + een 
where 
Ai oP a + iwi; (ee sa ate i's; ) 
hss = iiss 7 kgs + iohs, 33; hs, = h3zp = his a= hs = lige a iohs,113 
5 7 4 } p lal " ” 
ys = Nay = he = hag = > (Ay,31 + Ais) + 7 io (/y,31 + hy 13); 
Cy) = 022 = dun a iodi Cro = CoS daze ch ieody1 99; (18) 
Cis = Cog —C31 —C39 = easy a iwd 159; C33 = dt ss3-}+ ied 3ga3; 
Sth {UPS ot dae =“ ohaeel shh Zz tw frees oo oe ae 15 
65 = 
— 1 —— 
Cee => (en C12). 
oc +; 1 ’ ! er " ” : 
A C55 = = Cua =r Cas = se (dogog — d3939) + ou La) (do303 — d3p39); 
Cu = <a C55 = = a Sdaseg =f fa aed 2d esse) > 1 beo(dasas os desis a Bdsm) (19) 
Coo = = line = iwd yor — Cees 
his = eS hoy = = hs; = a haa = pai = (hy, Cie sae hi, 13) T35 5 LO (hy, Sip hans): (20) 


Yo = Ja = iors; (21) 
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- te (hy, 23 + hy, 32) 


, , 
hya = — hy; =e hy = hs. =—- 


1 
2 
* * */ = 1 3 ” ” h 
hy = hos = hy = — Ngp = oar ee (Ay,23 + Ny,32); | (22) 
* *7 2 ” 
hgg == — Neg = ths yo; 
Cag == =a “on a5 pa Cor eens io (Ay112 + Ay321) 
* * =? 7 { 3 Ls " * 7 = " 
Cig = Cog = — Ce, = — Cog= ay FO (ditrz — Ai121)} C35 = — Cos = 1OA3312; 
C45 = — C5g = GW (dsas1 + dosis + 2dsss1); (23) 
** ** 1 
| Readies sits ig Ta) (dias tT doers — ate Ae 


7 


1 ; ee 
C15 = = Cs = =e Cas = a rg eee -_ (d3931 — dog13)- 


4. Let us analyze the relationships deduced above. 

The dynamic constant tensors of (18)-(23) can be divided into two groups: 

1) those in (18)-(20), which contain both real and imaginary parts. They 
fail to vanish both in the dynamic and in the quasistatic states. Their imagin- 
ary parts characterize certain relaxation processes and give the amount of ener- 
gy absorbed; 

2) those of (21)-(23), which include only imaginary terms. These fail to 
vanish only in the dynamic state. 

Let us first consider those of the first group. 

In elasticity theory it is assumed that the stress tensor is symmetric. 

This symmetry does not follow from thermodynamic considerations of any kind or 
from other considerations involving the symmetry of the medium, but is deduced 
from the premise that the stress is caused by short-range forces.® Viswanathan 

& Raman?»10 and Laval1 (on the basis of microscopic theory) have shown, however, 
that when one takes into account the noncentral nature of intermolecular forces, 
one concludes that in general the stress tensor should be asymmetric and that the 
elastic properties of a crystal medium of the lowest symmetry should be described 
not by 21, but by 45 elasticity coefficients. In our case of a transversely iso- 
tropic hes itor the above considerations lead to the appearance of the components 
of the elastic modulus given in (19), i.e., ra C4, and Cree This reason for asym- 
metry of the stress tensor is valid both in the dynamic and the quasistatic cases. 

On the other hand, the asymmetry of the mechanical stress tensor in a mag- 
netically polarized medium may be due to the mechanical torque produced when the 
resultant magnetization is not parallel to the magnetic field. This explanation 
was emphasized by Brown.12 In a transversely isotropic medium this leads to the 
appearance of the components of the magnetostriction tensor given in (20), namely 


hing: eae us consider one of the expressions give by Brown, for example, the one 
Orns: 


7, = | eee 


Here I and H are the resultant values of the vectors /,, and H7,, including the 
polarization magnetic field and the polarization magnetization. It can be shown, 
using this expression, that for a magnetically uniaxial medium this reason for 
asymmetry of the stress tensor remains valid in the dynamic and quasistatic cases, 
while for a magnetically polarized isotropic medium it is valid only in the dy- 


= WSS’ = 


namic case. This is because of the phase difference (due to losses) between 
/,, and H/,. Here one must use Eq.(19) of Ref.13 or Eq. (34) of Ref.4. 

Let us now turn to the constants of the second group, i.e., those in (21)- 
(23). Their physical meaning can be established by considering microscopic 
kinetic processes in a magnetoelastic medium. We will mention only some of the 
physical phenomena they may be said to characterize. 


Constants describing magnetic properties, i.e., y;. of (21) 


Consider, for instance, a homogeneous quasistationary magnetic field with 
a sinusoidal time dependence. Then in a constrained magnetoelastic medium 
(e¢g= 0, o,= 0) the magnetization in the plane perpendicular to /, will be given, 
according to (17), (8) and (21), by 


Jy = eq lly, — xjul1 3; Ty = pl, + xh, (24) 
where 
{ 1 (@, -| to) +o? - peed W, 
= ————— 3 X= 1@- ,-——__"_——, , 
= Yy (1+ to)? + @, ; Yi o(Oi ok iw)? 4- oF (25) 
and 
. oo? +o ‘ w? + wo” * i * F 
@O, = = } Wo = i oO, = 4 ’ Og = = : (26) 
: ” Mh Yae 
We note that if we set L,, i; = 0, we obtain Oy = Ly, and 0 = Lypy,,. 
Further, writing /.,,= ¢ an ty; T= "5° where g is the Landé splitting fac- 


tor, we obtain the usual formulas for paramagnetic or ferromagnetic resonance 
fea chout magnetic anisotropy or shape effects). 


Constants describing magnetomechanical properties, i.e., hays lad and hi of (22) 


As may be seen from (17) and (22), for homogeneous quasistationary variation 
of the magnetization and deformation, h,, and h,, give the anisotropy of the 
gyromagnetic effects. It is easily seen that i,, is related to the same aniso- 
tropy. 

By way of illustration let us consider a magnetically and elastically iso- 
tropic medium in the state /, = 0. In this state” hy 23 (0) = — Ry,92 (0) = hy,12 (0). 

According to (22), therefore, ie (0) = hse (0), while h,(0)=0. If hips, Rise 
and f;,, depend on /,, then hig F Ng and f,, may not vanish when /,= 0. 


* 


Constants describing mechanical properties, i.e., 161 jg+ C3i2Ca5sCas AMA (45 Of (23) 


In a magnetically "constrained" medium (/,-- 0) and for quasistationary pro- 
cesses Eqs.(17) and (23) show that these constants should describe, for instance, 
the following properties: Shear deformation in the xy plane (:,) should produce 
tensile (c,) and compressive (—os,) stresses along the x and y axes, and vice versa; 
that is, for instance, elongation along the x axis (<,) should give rise to nega- 
tive shear in the xy plane (--o,) (described by ¢,,). Rotation about the x axis 
(w,) should give rise to a negative moment about the y axis (—/7';), and vice versa, 
rotation about the y axis (w,) should produce a moment about the x axis (/',) (de- 
scribed by Pail The constants bis Cas Cas and tas describe similar effects, like- 
wise easily understood by studying (17) and (23). 

In conclusion, we recall that in order to determine the behavior of a mag- 
netoelastic medium in the general case of steady-state (rather than just quasi- 


= PLO6 “= 


stationary) processes, one must solve Eqs.(5) together with Maxwell's equations 
and the equations of elasticity, while making use of (12); alternatively, one 
can solve (17) with Maxwell's and the elasticity equations, using (16) to go 
over to one type of variables, and taking into account (15) and (18)-(23). 

These equations describe a wide set of magnetic, mechanical and magnetomechanical 
phenomena, such as magnetic and magnetomechanical resonance ,14 spin-spin relaxa- 
tion,15 the influence of the mechanical state on magnetic resonance, anisotropy 
of gyromagnetic phenomena, etc. 

5. The dynamic behavior of an electrically polarized electrostrictive medi- 
um (as opposed to its quasistatic behavior) differs from that of a magnetized 
magnetostrictive medium. 

In order to obtain the equations for this behavior /, should be replaced by 
P, and //, by /?,, in Eqs.(5) and all following equations. Here /’,, is the electric 
field strength and /?’, is the electric polarizatiom. Unlike the analogous magnet- 
ic case, however, all the equations then obtained for electrostrictive media with 
transverse symmetry should be invariant under /, and I//, where / is the inver- 
sion operator. The Onsager relations for the kinetic coefficients entering these 
equations will also be somewhat different, namely 


Lin (Pp) = Lnmt (Po) Jet, 45 (Po) = Lata, 1 (Pods Leteig (Po) = Lijge (Po); (27) 


which are the same relations as those of (10) and (11). 
This all means that the number of independent components of the kinetic co- 


efficients Jim, Li, ij, Liz. and Lyi; will be equal to the number of independent 
components of the tensor constants Yoon Peers hij and Ati; of equal rank. Here 
Xmn is the reciprocal of the dielectric constant and Wie is an electrostrictive 
constant. 


Thus the electric problem is treated by using Eqs.(5) (or (8)) with (12), or 
Eqs.(17) with (18)-(23), formally replacing //,, by /’,, and /, by /’,. In contrast to 
the magnetic case, in the electric case the components of the kinetic coefficient: 
which vanish are /),, Li wy hi ya di lip b Je Lassie, Logs, L519 ANA Ly 5 therefore so 
do the components of the tensor constants (appearing in the equations obtained by 
the above formal substitutions) analogous to those of (21)-(23). All other re- 
marks, such as those concerning the asymmetry of the mechanical stress tensor, 
remain valid in the case of an electrically polarized electrostrictive mediun. 

It should be emphasized that in the present work no attempt was made to con- 
sider the possibility of exciting internal degrees of freedom in the dynamic stati 
This possibility has been taken into account, for example, by Finkel'shtein and 
Fastov!§ in their treatment of the mechanical properties of isotropic media. 
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PHENOMENOLOGICAL THEORY OF FERROMAGNETISM AND ANTIFERROMAGNETISM 
AT LOW TEMPERATURES 
(UNIAXIAL CASE) 
- E.A.Turov & Iu.P.Irkhin 


1. The General Method 


From the macroscopic viewpoint a magnet with an ordered magnetic structure 
(a ferromagnet or antiferromagnet) may be treated as a continuous medium with a 
certain type of magnetic crystallographic symmetry. Each point in the medium as- 
sociated with one, two, or more* magnetic moment densities M;(r).- To describe 
complete magnetic ordering at absolute zero in the terminology of continuous 
media, one says that in the lowest energy state the M;(r) are constant vectors, 
i.e. etnat 


M;(r) = M);. 


We shall assume in addition that the vector densities remain of constant 
magnitude, their deviations AM; = M;— M); from equilibrium being due entirely 
to changes in direction. In other words, 


Mj (r) = Mj. 


We shall restrict our considerations to weak oscillations, that is to 
|AM; |<M,;, corresponding to temperatures low compared to the magnetic order- 
ing temperature (the Curie point 6c and the Néel point @y). 

Our problem is to find the vibration spectrum of the M;(r) for such a medium 
in an external magnetic field H. As was previously done by one of us and Shav- 
rov?, we shall proceed from a phenomenological Hamiltonian which, in our case 
of uniaxial symmetry (e.g., a hexagonal or tetragonal crystal), is of the form 


BAe \'ar, (1) 
FO! = AjyM jxM jx +- Bjy-M j2M jz + Cj M jaVM jn + D5 saat ool : >» M;H} — > MiB, (2) 
where i . 


Here 7; and ;’ are numbers designating the magnetic sublattices, «=7, y, 2, 
and the summation convention is used for repeated indices. The first four terms 
in (2) include the exchange energy and the anisotropy energy, the 4j;;, Bj, Cj; 
and D;; being phenomenological constants for the associated interactions. The 
penultimate term in (2) gives the dipole-dipole interaction,** and the last is 
the energy of the magnet in the external field. 

*The number depends on the number of "magnetic sublattices”, which in turn 
is determined by the type of crystal structure and the number of different kinds 
of magnetic atoms (ions) in a unit cell. 

**In taking into account boundary effects (demagnetizing fields) one must add 


M, (r’) dr’ 


Co to H” The integration here is over the surface 
r--r 


a term of the form —vip 


of the magnetic specimen. 
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The energy spectrum may be calculated in two ways, sg Wee ca ayer oe (by 
setting up and solving the classical equations of motion)? or by second quantiza- 
tion.2 We shall use the latter. To do this we replace the classical c-number 
vectors M;(r) in (1) by operators M; (r) which satisfy the commutation rules? 


Miy (0) Myx (0) ~ Mix (0") Miy (7) = inj Mj 8; (r — 1’) ete., (4) 


where v= 88 ; here g, is the Landé g-factor for the j-th sublattice and p is 
the Bohr magneton. 

If for each j we choose an X;Y;Z; coordinate system such that the Z; axis is 
the axis of quantization of M;(r) (i e., directed along the classical Biserer ton) 
the second quantization operators 4) and 4! can be introduced by the relations 


A . +. Zs : : +. 
M jx, = (ujMo; / 2)" (f5bt + 07/3), Miu; = i(ujM oj / 2)"* (503 — bf), 
j 


+. . 
: +. . bipi 
M jz, = Mo; — wjbrb;, el — id eae ; (5) 


(For simplicity we take the volume V of the sample to be 1.) 
We remark that by assumption the expectation values satisfy the relation 


ee = 
pj brb; = AM jz,< Mo. 


Inserting (5) into (4) shows that these new operators satisfy the Bose- 
Einstein commutation relations 


sandy ay aie 


a 
In using (5) to go over from the M;(r) to the b? and bi operators in the 
Hamiltonian, of course, one must express all the M ja in a common X)Z coordinate 
system fixed with respect to the crystal axes. Then the transformation formulas 
will cause the direction cosines of the M,; with respect to the fixed system to 
enter the expression for H, For example, when all the M,; and the magnetic field 
Hall lie in the same plane (say, the YZ plane) the transformation formulas are 


aes a Miz; Miy =O Miy, + 1Mije;, Miz = 6M 52, — 1 Mivy (7) 
where 7,=sin!,,6;=cos#, and %, is the angle between My; and the Z axis. 
After inserting (8) and (7) into (1)-(3) and going over to the Fourier com- 
ponents }/ and }} of the Bose operators, the Hamiltonian of the system can be 
written in the form of a series 


H=HyotPyt+HetHst: 


where 7, is an n-th order term in the bj} and bi. 

In order to find the ground state of the system, i.e., the ctl ah Srte  lade 
ues of 7; and <; at T = 0, we minimize 7, (which is independent of Jj and bj) 
with respect to 7; and * Sj For these equilibrium values 7, vanishes identically* 
while the expression for 72 becomes such that when it is diagonalized it is the 
sum of the elementary spin-wave energies. In other words, it gives the first 
approximation to the desired intrinsic vibration spectrum. The higher order 

*In fact the ground state may be found simply from the condition that 7, 
vanishes. 
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terms in the expansion describe collision processes between spin waves (that is, 
between ferromagnons or antiferromagnons), so that if they are included, one is 
able to study various kinetic phenomena in magnets. 

In what follows we shall apply this method to the specific examples of a 
ferromagnet and an antiferromagnet. 


2. Ferromagnet 


Consider a uniaxial ferromagnetic single crystal, which is essentially a 
single magnetic domain. Let the direction of easy magnetization coincide with 
the symmetry axis (Z axis). 

Bearing in mind that 7 has only one value (there is only one sublattice) 
and proceeding as indicated in Section 1, we obtain 


Hs vonst = ; IT GM fh —M gill; — BI GIy (8) 
== 7, = AH, + Det (9) 
Here //, = — 2/3,,M/, is the effective magnetic anisotropy field, 1/,°~ ‘/), is 
the magnetization at absolute zero, \//,—— + z= (a, —Vai —]4,)) is the zero- 


point energy of the spin waves, which contributes to the ground state energy, 


Vad — [8/2 (10) 


is the energy of the spin wave with wave vector k and n,; is the number of spin 
waves in this state; further 


vo 1 9 / 
oe G —; i?) ull +S_ + mil, + Ca, + Dey 


, ‘ 


kok 


> 


, » 


: ae 
Bx = 4 yet s on 2nuM ope) . pas = 2p 4 (Cy, k? + Dyyk:), 


ky = ky, iky, = ky + ithy =F ink. 
Let us now consider in detail the two cases H||\OZ and H | OZ. 
I. Field parallel to the Z-axis 


In this case Hy = 0, H, = H and the condition that 7, be a minimum leads 
to a (= 1 and nh = 3. which means that the magnetization is along the field. We 


then get 


2 2 a 
eK = [fee + Had |e UL + Ha) + daly Ge (1) 


which virtually coincides with the well-known results of Holstein & Primakoff4 
and Herring & Kittel.° 


II. Field perpendicular to the Z-axis 


In this case H, = H, H 0, and the condition that “% ) be a minimum leads 
to the following two sousiptiitdes: 


a) if H< nf Fi then tj Se M 


MyJ He WE hy, : ak)? ('! 
Pe 


se = |e + aa) [vet uta (1—22) 4 duty “HE | — eu Me ld 
| Wr k? /l 7 3 
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b) if M >My, then y 4, My Mo, 


fat By st 
Y|__ dey? gy Sauls iy (13) 

To illustrate the application of the energy spectrum so obtained, let us con- 
sider the field and temperature dependence of the magnetization of a ferromagnet 


for case II*. We restrict our considerations to temperatures which satisfy 


eu =e + wll) Ju + (Hl Hs) + Amey 


ade) i al Qn Ay, (14) 


(and, of course, T K6c). 
Iakovlev® solved a similar problem for a uniaxial ferrite. 
Straightforward calculation using the formula 


2 a de, = 
My {T', f\= tert (Fo -| AH.) — Day 
k 
leads to 
My(?, H)= Moy (1 c > nx | for H<Us4, (15) 
M, (0, H)=M(1— 4 Sync) for HD Ma, (16) 


where 7, is the average number of spin waves with energy <:, (the boson distribu- 
tion function). 

It is easily shown that (15) leads to 4/, values greater than ‘/, when H is 
sufficiently close to H,, which contradicts our initial assumption. Furthermore, 
at H = Hy shea is a discontinuity in the magnetization, and this too lacks physi- 
cal meaning. * These difficulties are due to the fact that one does not usually 
include in the calculations the temperature dependence of the equilibrium position 
of the magnetization vector , *** which is related to the temperature dependence 
of the anisotropy constant. When the temperature dependence of n is properly in- 
cluded, one must minimize not 7, for T > 0, but the total thermodynamic potenti- 
al of the system, namely, 


SOS 97) -(- AX ae ») In(1—e EMEA 
- 


where «; is given by the general expression (10) with an undetermined value of n. 
From the condition that © be a minimum, we find in case II (using (14)) that 
a) n= H/Hy foro Ws, b) 7=1 for H>H4, 
where 
H ] M,—3e ¥' > Mk 
a= H,— rae at, (17) 


Thus the transition from state (a) to state (b) takes place at a magnetic 
field value which is temperature dependent (decreases with increasing tempera- 


*For case I the H and T dependences of M have no properties different from 
those discovered by Holstein and Primakoff. 4 
*kSimilar deductions follow from Iakovlev's work. © 
***That is, the temperature dependence of the equilibrium direction of the 
axis of quantization for M which in the present case is characterized by n. 
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ture).* In this process Eqs.(15) and (16) for the temperature dependence of 1, 
remain entirely valid; one need only bear in mind that the transition from one 
of these formulas to the other takes place not at H = Hg, but at H = Ht (this 
observation also holds for the corresponding equations of Ref.6). 


Assuming that J/;,~/k?2 and bearing in mind that )n, = 0.06(«7/J)", we final- 
ly arrive at 


a) M,(T, H)=(M,H/Ha)[1+0.06(u/M,) («7 /1)"] for H<HAi 
and 

b) M,(T, H)= My [1 —0.06(u/M,) (xT /1)"] for H> Hi, 
where 


Hl =Halt —0.12(p/M,) (F/T). (18) 
We note that now MW (7, H4)=M?(T, H4). 
3. Antiferromagnets 


Let us apply the general method of Section 1 to a uniaxial antiferromagnet 
whose symmetry axis (Z-axis) lies in the direction of intrinsic antiferromagnet- 
ism. We restrict our considerations to an antiferromagnet with two magnetic sub- 
lattices, and we assume that for ;= 1 and 2, we have M,),=Mo.= Mo and p,= 
= Po =. Then 


Ho = const + 2A, (qi. + 5402) Mo + 2By7152Mo + B (3 = 9) Mo — 
— (%1 + 2) Moy — (2) + 2) Moz, (19) 
where A, = A,,= A,, is the sublattice exchange coupling constant and B= £#,, = B,, 
and 8, = B\.= 8, are anisotropic interaction coupling constants (within and be- 
tween sublattices). 

In the general case of an arbitrary field direction the operator 7. and the 
two types of spin-wave energies obtained from its diagonalized form are charac- 
terized by very complicated expressions which we shall not give here. We shall 
restrict our discussion to the ground state and the spin-wave spectrum when H 
is parallel or perpendicular to the Z-axis. 

A detailed solution of the problem of minimizing 7%) gives the following 
results for the ground state (i.e., for the values of 7; = sin 6, and ©; = cos §;, 
which characterize the equilibrium position of the quantization axis of M; at 
T = 0). First the conditions for the occurrence of antiferromagnetism with the 
intrinsic direction along the Z axis are that 4A,>0 and B,—8>0. Further, 
the field dependence of the magnetization differs significantly depending on 
whether H|| OZ or H | OZ. 


I. H|| OZ 


In this case we treat two possibilities, namely, B>0 and B <0. 

For convenience we introduce the notation 

*Equation (17) actually gives the temperature dependence of the anisotropy 
constant (see also (18)). It is interesting to note that if this expression is 
considered as formally valid in the entire temperature interval from 0 to @, 
it will in principle explain the experimentally observed change in the sign of 
the anisotropy constant of uniaxial ferromagnets. 
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Hy =2M,V@i—BGA, TE, B, Wy any tBHB 


and 
H. = 2M, (24, + By +B), 


fields whose meaning will become clear later. We obtain the following expressions 
for the H dependence of the equilibrium position of the axes of quantization of J/,,;, 
of M,=M,,+M,, and of the susceptibility 7=9/,fH at T= 0. 


rer a OF H,>#H, 


a) 0<H<H); iL=—Oo=—1, i, = 0; ir mee 
In this state the antiferromagnetism A is directed along the Z axis, which 
is along H. In other words, it is in the direction of intrinsic antiferromagnet- 
ism.* We shall denote such a state by (2, ||). The first index characterizes the 
axis along which H is directed, and the second gives the spatial relation be- 
tween H and A. 
H—H H? 


b HH, <H<4H,: sinto= se yon 
I S4Qi71;, sintg= , sin*o=—= sin*d. 
Here ? is the angle between A and the Z axis, and @ is the angle between the 


axis of quantization M,; and A. In this state, which we denote by (z,) , we have 


(H—H,)H 2M HH 

M, = 2M yr = a eet 4: 

pHa hye , * (7, —H,)H,  2B° 
c) Hi<H<H; G=G=C=H/H, m=—1,=Vi-®. 
This state may be denoted by (z, .|), since A _| H ; we then have 

H 2M; Ae 4 
te SY wit and Ket He Ate By Be 
d) Peete fea, sS ty SO MS 2M. 


This is the state of saturation along the Z axis. 
4:/i— 0 or 1; re : a 


This case has been treated in detail by Néel, ? who showed that in the inter- 
val H, <H<H, there may exist metastable states, so that there will be hystere- 
sis in the magnetization.** 

If the system passes only through states of thermodynamic equilibrium, we 
obtain the following results: 

a) if 0<H<H,=VH,H, , we have a state of the (z, ||) type, 

b) if H,<H<H, we have a state of the (z, |) type, 

c) if H>H, we have a state of saturation along the Z axis. 

In this case, therefore, there is a discontinuous change in the direction 
of the antiferromagnetism and a discontinuity in the magnetization MM, at the 
threshold value //, of the field. 

When one takes into account the existence of metastable states, however, 
one finds that the discontinuous transition to the (z, |) state takes place at 
H, >H,, While when the field is decreasing the return to the original (rn) 

*The direction of the antiferromagnetism A is the direction of M,.—M»». 

** In his work Néel did not mention the first possibility (B > 0) in which 
no hysteresis can occur. 
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state takes place at H, <H,. In other words, hysteresis obtains.* 


Il. HLOZ 


In this case the system behaves the same way regardless of the sign of 
We have 


a) 0O<H<H, =2M,(241+B,—B); 1 = m= n=H/He, G=—-G=ViI-® 


In such a state A |.H and since H || OY, we may denote this state by (y,-1). 
Then at T = 0 


My = My-+ My = 2M,H/H’, and X = 2M)/H, = 1/(2A, + B, — B). 
b) A>; mu=%m=1,5=%=0, My = 2M). 


This is the state of saturation along the Y axis. 
We present below the results of energy calculations for the spin waves in 
some of the cases enumerated above. 


The (z,||) State 


ee = {Pi (P2 + 22) 2V py, (p, + 2d) (UH) + pe IS", or 


where 
Pp =Ky— KAI —Sie, Po = Ko—-K4+Jn +Jiuxs 
Ky = 2uMB,, 
K = 2uMB, 


J = 2nM (Ay + Ch? + Dk?), C=Cy = Cr, 
Jin = 22M (A+ Cyh? +D,k?), Cy= Cy = Cay, 
D= Dy, = D», ke. 2 kt, 
D, =Dy,= Dy, h= 2nuM, =. 
The X} in (20) comes from the dipole interaction. As can be seen, this in- 
teraction causes the spin-wave spectrum to be split into two branches even at 


H= 0. Its contribution to the energy is, however, relatively insignificant. 
This will be readily evident if we simply set H = 0. We obtain 


eo) = (Ky— K + Ju—Jye) (Ky —K + Ju + Sux + ny", 
6?) = {((Ky—K + Jy —Jy,) (Ky —K + Jet Jinx )} 


Thus the dipole interaction term (~pM,) is added to the exchange inter- 
action term (~uM,A,) and hence hardly affects the energy of the spin waves. 
If we neglect the dipole interaction, (20) is replaced by 


ef) = (Ki — K+ Jy Sue) (Ka —K + Jan t+ Su yh tp Ge 


In particular, if we set 4 = 0, we obtain the widths of the energy gaps, 
i.e., the minimum energies needed to excite spin waves. These energies deter- 
mine the two antiferromagnetic resonance frequencies: 

*It should be noted that the transition region |H ,—H, | is relatively very 
narrow, for |H,—H, |/H,; ~ B/A,. 

Hence the fae. that hysteresis has not been observed experimentally may be 
explained, for instance, either by the fact that B >O for the substances that 
have been examined or by the extreme narrowness of the hysteresis loop. 
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e(1.2) = ho; 2 = fh (H | fs me H). (22) 


The (z, |) State 


In general with the dipole interaction taken into account, the resultant 
expressions for cl? in this state are extremely cumbersome. We therefore give 
the result obtained when the dipole interaction terms are dropped; which is valid 
in almost all cases of practical interest, namely, for //<H, or x7 > 2ruM,. 

We then have 
H? < "a 
P = {Ua Six) [Jet (1-27 2 Ym + (1 Fr) + K) }} ’ 
ee) = (J+ Jun ) [ye wi (1 —2— ny (1 Fak AY". (23) 


It is interesting that in these states one of the branches has no energy 
gap. Specifically, for k= 0, we have 


ef) = he = 0, ef) = hery = {2Jo o(Ki— KYA)", (24) 
1 


where J 9 = 2uM,A. 
The (y, |) State 


As in the previous case, we present the result which does not include the 
dipole interaction and which is valid under similar circumstances. This is 


e() 1G. (i eel tia ) [Jet (1 ~ wa) (ara) : 


ep = (Ki —K + Jat Jun) [Ju (1-272) Ky K + 


For k= 0, we obtain 


ef) — =i wy Vaaeued. od “; e(2) = hw, = p V +H? ae, (26) 
I 


Comparison of (22), (24) and (26) shows that the widths of the energy gaps 
(and therefore also the antiferromagnetic resonance frequencies) and even the 
form of their field dependence are very different for different types of states 
and for different field directions.* 

The available experimental data on antiferromagnetic resonance® agrees well 
with the theory. Unfortunately, however, this data pertains only to fields 
H<H,. It would thus be of considerable interest to extend the investigations 
to fields H >H, (usually H, ~ 104 oersted in order to verify Eq. (24). 

Because the transition region between the (z, ||) and (z, |) states is so nar- 
row** one may assume,for the purposes of most problems, that these states join 
at H = H,~ 2M.) 2A,(B,—B), Which is equivalent to assuming H, =H, = Hp. 

*We have not presented the energy spectrum in the intermediate (z, ~) state 
for B > 0 because it is so very complicated even when the dipole interaction is 
omitted. We remark only that in the narrow field interval H, << H< Hy, Eqs. (21) 
and (22) gradually change over to (23) and (24). 

**See footnote on page 1164. 


(Ki+K)}}" 5) 


= Ti6é6 = 


Then for fields H< H, the spin-wave energy spectrum may be written in the 
simpler approximate form 
a) in the (z, ||) state, i.e., for H|}OZ and H<H,: 
ef? = Vuh)? + Pe eH; (27) 


b) in the (z,.1) state, i.e., for H||}OZ and H > H,: 


a Tk, P= Vu — AY + PR, (28) 


c) in the (y, |) state, i.e., for H_| OZ: 


= VEAP + PR, oh? = Vu (H® + A?) + Pk. (29) 


In Eqs. (27)-(29) we have neglected the anisotropy constants Ky and K com- 
pared with the first exchange coupling constant J, and have introduced the second 
exchange coupling constant according to the relation 2J/o (J; —J\, ) = /?k?. 

Eqs. (27)-(29) were used by one of us to calculate the temperature dependence 
of magnetic susceptibility 4y=x7r—%0,as well as the spin specific heat C, (the 
specific heat at constant H) in all three states.* These results have been re- 
ported elsewhere. 10 Supplementing this report, we note that C, can be found from 
the experimental data for AX by using the general relation between these two 
quantities. For H<H, and «J >wuH, , for instance, we have 

C 4r? 


f= - eS) = 3.8-108. 


In conclusion, the authors express their deep gratitude to K.B.Vlasov and 
S.V.Vonsovskii for advice and discussions. 
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MAGNETIC STRUCTURE AND TECHNICAL MAGNETIZATION PROCESSES 
IN HIGH-COERCIVITY FERROMAGNETS 
- Ia.S.Shur 


Introduction 


The magnetic properties of ferromagnets that are involved in technical mag- 
netization can be correlated with their magnetic structure: the size and shape 
of the domains and the orientation of magnetization therein. This explains the 
growing interest evinced in the magnetic structure of different types of ferro- 
magnets. It should be noted, however, that hitherto this structure as well as 
the process of technical magnetization, has been studied only to a limited ex- 
tent and at that primarily in magnetically soft (low-coercivity) materials. 

Hence an urgent problem in the field of high-coercivity alloys is clarification 
of their magnetic structure and determination of the nature of the technical mag- 
netization processes associated with it. 

Research has been carried on for a number of years in the Institute of Metal 
Physics on the structure of high-coercivity ferromagnets. The present report is 
devoted to a description of the principal results of these studies. 


Experimental procedures and results 


1. It is a familiar fact that where magnetically soft materials are concern- 
ed our broad concepts regarding magnetic structure have been derived from investi- 
gation of the magnetic properties of single crystals and magnetically anisotropic 
polycrystals. Hence with the final aim of establishing the magnetic structure 
of high-coercivity of ferromagnets, we deliberately chose for study magnetically 
anisotropic samples of the high-coercivity alloys, Alnico and Vicalloy. The mag- 
netic anisotropy in Alnico was realized by thermomagnetic treatment (heat treat- 
ment in a magnetic field); that in Vicalloy by cold deformation followed by an- 
nealing. The development of magnetic texture in these alloys as a result of the 
indicated treatments was evinced by changes in a number of their physical proper- 
ties. 

On the basis of comparison of different characteristics (magnetization curves 
and (ieee loops! , magnetostriction curves? and magnetostriction hysteresis 
loops”, and variation of the resistivity in a magnetic field*) , obtained for 
textured (grain-oriented) samples along and across the texture axis and for mag- 
netically isotropic samples, it was inferred that in high-coercivity alloys tech- 
nical magnetization processes are realized primarily through rotation. This 
occurs by virtue of the distinctive magnetic structure of these alloys, i.e., 
the single-domain type structure, wherein each grain or particle is a single do- 
main. It follows from general energetic considerations that such a structure is 
only possible when the alloy is comprised of very small ferromagnetic particles; 
in the case of large particles a multiple domain structure must obtain. Thus, 
from the assumption of a single domain structure in high-coercivity alloys it fol- 
lows that in this type of alloy there must exist a heterogeneous structure, where- 
in the individual minute ferromagnetic formations are isolated from each other 
by nonferromagnetic or weakly magnetic layers. 

In order to obtain high values of the coercive force H,, however, in addi- 
tion to a single domain structure, a necessary condition is that there be an ap- 
preciable magnetic anisotropy in the domains; this may be induced by diverse 
factors.° In elucidating the nature of magnetic anisotropy in high-coercivity 
alloys much valuable information can be obtained by investigating the tempera- 
ture dependence of the magnetization curves and hysteresis loops. Thus it was 
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found that in the case of Alnico and Vicalloy both H, and the saturation magnet- 
ization are only weakly temperature dependent in a wide temperature range. 6 This 
is possible only if the magnetic anisotropy is caused by anisotropy of the shape 
of the ferromagnetic particles. From this and other datal-4 it was concluded 

that ferromagnetic particles have a lamellar structure. It was also hypothesized! 
that in the process of thermomagnetic treatment of Alnico the applied magnetic 
field acts so that the laminae forming during the cooling of the alloy are orient- 
ed with their long axis parallel to the field. By virtue of this orientation of 
the particles,a magnetically uniaxial structure is realized in the specimen. 

The proposed magnetic structure model was subsequently substantiated experi- 
mentally. Electron microscopic studies of Alnico showed that this alloy in the 
high-coercivity state is characterized by a heterogeneous structure with the 
strongly magnetic phase segregating in the form of laminae. As a result of thermo- 
magnetic treatment there develops anisotropy in the arrangement of the laminae; 
the long axis of the particles is oriented parallel to the direction of the field 
applied during the magnetic heat treatment”. 

2. The proposed magnetic structure model is apparently applicable to all 
high-coercivity alloys, although in general the magnetic anisotropy may be caused 
by factors other than geometric anisotropy. Experiments showed that the coercive 
force in Vicalloy may be greatly increased by unilateral elongation®. Thus when 
a Vicalloy wire is stretched by a tensile load of 300 kg/mm? the value of Hg in- 
creases from 270 to 880 oersted. The experimentally observed increase in H, is 
in good agreement with the theoretically calculated increase, if it is assumed 
that there develops in the single domain particles an additional magnetic aniso- 
tropy due to the stress anisotropy. 

It follows from the above results that artificial increase of the magnetic 
anisotropy in alloys with a single domain structure may be an effective procedure 
for increasing the magnetic energy of alloys intended for permanent magnets. An 
appropriate treatment was therefore proposed for plastically deformable high- 
coercivity alloys.2 The proposed treatment consists of subjecting the specimen 
to unilateral stretching during the tempering leading to the high-coercivity state. 
This treatment proved to be very effective in the case of Vicalloy: the coercive 
Nees increased from 440 to 550 oersted; the maximum magnetic energy increased by 
50%. 

3. Inasmuch as the high-coercivity state is observed only in ferromagnetic 
formations of small size, it may naturally be inferred that with reduction of the 
ferromagnet dimensions, i.e., in going from large particles with a multiple do- 
main structure to fine particles characterized by the single-domain structure, 
the magnetic structure must change in a regular, consistent manner. In view of 
this there is obvious interest in investigating the dependence of the magnetic 
structure on the size of the ferromagnetic formations. As a result of work with 
ferromagnetic powders of different degrees of dispersion, it was established 
that reduction of grain size is accompanied by growth of the coercive force, the 
growth becoming increasingly more rapid as the particle size is reduced.10 There 
is good reason to assume, therefore, that the change in coercive force is con- 
nected with changes in the magnetic structure of the ferromagnetic material. 

On the basis of the available data on the magnetic structure of different 
ferromagnets one can establish a regular sequence in the variation of this struc- 
ture with decreasing grain size. Comparatively large particles are always char- 
acterized by a multiple domain structure consisting of principal and subsidiary 
(closure) domains 1, With structures of this type translation processes (wall 
displacements) play a predominant role in technical magnetization. As long as 
this type of structure persists, the value of H, remains virtually constant. 

With further decrease in grain size, however, the subsidiary domains begin to 
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vanish; only a few of them, located at the edges of the crystal, remain. This 
rearrangement of the structure increases the total energy of the crystal and 
hampers wall displacements, which leads to an increase of Hg. Further decrease 
in grain size leads to the multiple domain structure becoming energetically dis- 
advantageous. At this degree of fineness, within each powder particle there ex- 
ists only one principal magnetic domain with a few minute subsidiary domains 
persisting at the edges. This magnetic structure should be regarded as a trans- 
itional one, intermediate between the multiple domain structure of large parti- 
cles and the true single domain structure of very fine grains. The development 
of this structure should produce further increase of H, inasmuch as under these 
conditions, the growth of magnetization reversal nuclei (some of the subsidiary 
edge domains may play the part of such nuclei) is hampered. Finally, in the 
case of very small powder grains the existence of the subsidiary domains becomes 
energetically disadvantageous and then we have a true single domain structure 
with which reversal of magnetization can be realized only through rotation pro- 
cesses (rotation of the domain magnetization vectors); this structure gives the 
highest values of H,. 

4. Highly important at the present stage of study of coercivity is investi- 
gation of transition magnetic structures. 

It was shown on the basis of measurements of the variation of H, of Mn-Bi 
alloy powder as a function of the particle size at different temperatures that 
the changes in magnetic structure connected with decrease in the size of the indi- 
vidual ferromagnets (particles) depend on their physical properties.12 In particu- 
lar, the greater the total magnetic anisotropy, the larger the critical grain 
size at which the transition and single domain structures develop. 

The transition structure is evinced in many properties of ferromagnets. 

Thus in the case of fine powders of Mn-Bi alloy, the existence of the transition 
structure is brought out by comparing the shape of the magnetization curve with 
the curve characterizing the variation of the residual magnetization and coercive 
force as functions of the magnetizing field.3 It was established that the mag- 
netization curve attains saturation at appreciably lower fields than those neces- 
sary for attaining the maximum values of residual magnetization and coercive force. 
These results can be explained if we bear in mind that these parameters are af- 
fected in different ways by the subsidiary domains persisting at the particle 
edges in the transition structure. 

5. Valuable information on the magnetic structure of high coercivity ferro- 
magnets and technical magnetization processes therein has been obtained by means 
of powder patterns (Bitter figures) on Mn-Bi alloy specimens.14 It proved pos- 
sible to observe the single domain structure in minute particles and the process 
of reversal of magnetization in such particles, a process which occurs only by 
rotation of the domain magnetization vectors. We were also able to detect and 
isolate particles with the transition magnetic structure. It was found that 
these, after magnetization in a strong field and subsequent reversal of magnet- 
ization, behave as single domain particles. In this case the strong magnetic 
field completely destroys the reverse magnetization nuclei. The same particles 
after demagnetization and remagnetization in a weak field behave as multiple do- 
main particles. 


Conclusions 


It follows from the cited data that the magnetic properties of ferromagnets 
vary in a consistent, regular fashion with changes in their magnetic structure. 
As the ferromagnetic particle size decreases, the magnetic structure is simpli- 
fied, i.e., the multiple domain structure is replaced by a transition structure 
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and then by a single domain structure, and technical magnetization processes are 
increasingly hampered. The high coercivity state can develop in ferromagnetic 
particles only when their structure is of the transition or single domain type. 
The specific particle sizes at which these magnetic structures arise depend on 
the physical properties of the ferromagnet and to an appreciable extent on its 
magnetic anisotropy. 

The above concepts allow only of making qualitative judgments regarding the 
magnetic structure of high coercivity alloys; many important details of this 
structure are still unclear. Hence we attach particular importance to further 
comprehensive investigation of the magnetic structure of high-coercivity ferro- 
magnets. 

A more detailed review of the subject will be found in Ref.15. 
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DOMAIN STRUCTURE DYNAMICS IN TRANSFORMER IRON CRYSTALS 
UNDER THE INFLUENCE OF STRESSES 
- L.V.Kirenskii, M.K.Savchenko & A.M. Rodichev 


We used the Akulov-Bitterl figure technique to investigate the influence of 
elongation under tensile stress on the domain structure of crystals of cold rol- 
led transformer iron (3.4% Si). It was found that the domain structure changes 
substantially as a result of stretching and that the character of the changes 
depends on the direction of the applied load. Changes in the domain structure 
were also observed by recording Barkhausen jumps. 


Equipment and Procedure 


For observation we chose crystals with a surface parallel to the (110) planes. 
The samples were cut in the form of 0.5 x 4 x 60 mm plates. Prior to observation 
of the powder patterns the specimens were annealed in vacuum at 1000° for 3-4 
hours and then polished electrolytically. The specimens were stretched in a spe- 
cial device in which one end of the specimen was held in a stationary vise, the 
other in a slider coupled to a tension gage and actuated by a motor. The powder 
patterns were observed and photographed by means of an MIM-5 microscope. The 
Barkhausen jumps were recorded by means of a search coil, circling the specimen, 
and PS-64 scalers with a resolving power of 6400 pulses per sec. 


Experimental Results 


The powder patterns on the (110) surface of the crystals consist of parallel 
lines extending in the direction of the easy magnetization axis closest to the 
surface. This pattern indicates that the domain structure consists of plane- 
parallel laminar domains oriented (and magnetized) in the direction of the powder 
pattern lines. The most important changes occurring in the powder patterns, and 
hence in the domains themselves, are the following. 


1. Stretching in the [001] direction 


| 


| 


' 


if 
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Fig.1. Splitting of domains by newly forming walls (indicated by arrows). Direc- 

tion of stretching horizontal. Magnification 50 X. The diagrams at the right 

show the distribution of magnetization I, in the domains. Stresses: a - 10, b= 
15 kg/mm. 
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Fig.2. Powder patterns of specimens elongated 


in the [110] direction (horizontal in the 


figure): a - rearrangement of structure, mag- 


nification 60 X; b & c —- drops and chains at 
boundaries between type 1 domains, magnifi- 


cation 150 X. 


Stresses 6 in kg/mm. 


The plane-parallel laminar 
domains in any given specimen 
are never equal in width owing 
to residual stresses persisting 
in the specimens despite the pro- 
longed annealing. Application 
of the external load equalizes 
the general stress in the speci- 
men; in consequence, the domain 
structure is also equalized. 

In the course of elongation 
we frequently observed fission- 
ing of the domains by newly 
forming walls (Fig.1). The ap- 
pearance of new boundaries inside 
the domains indicates reversal of 
magnetization in parts of the 
crystal, specifically in the vol- 
umes between the newly forming 
walls. This subdivision of the 
domains by new walls is a conse- 
quence of the more general ef- 
fect of narrowing of the domains 
as a result of increase of the 
effective magnetic crystallo- 
graphic anisotropy incident to 
elongation. Such reduction in 
the domain width is obviously 
possible only by splitting of 
some of the domains by newly 
forming walls. It must be noted 
that the reversal of magnetiza- 
tion is realized not by wall 
movements but by sudden flipping 
of whole domains. 


2. Stretching in the [110] 
direction 


Stresses applied in the 
{110] direction lead to complete 
rearrangement of the initial do- 
main structure (Fig.2). At a suf- 
ficiently high tensile stress 
there appeared two new types of 
figures; horizontal and vertical 
bands which we shall designate 
type 1 and type 2 figures, re- 
spectively; the vertical bands 
in turn exhibit a fine mosaic 
structure. Both types of fig- 
ures tend to form a complex 
closed system. With increasing 
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stress, the area occupied by type 2 figures increases at the expense of the type 
1 figure area. This indicates that the magnetization in the case of both types 
of figures is directed perpendicular to the direction of the bands. Measurements 
of the type 1 bands indicate that the width of these bands is inversely propor- 
tional to the logarithm of the stress. In view of this, from the type 1 figures 
one can determine the stress in the metal, not merely qualitatively but quanti- 
tatively. 

The described changes in the appearance of the powder patterns are connected 
with rearrangement of the domain structure owing to redistribution of the easy 
magnetization axes in the crystal under the influence of stress. The initial 
magnetization axis - [001] - makes an angle of 90° with the direction of stretch- 
ing; hence under stress it is replaced either by the [100] or [010] axis, which, 
although they do not lie in the plane of the crystal, are oriented at 45° to the 
direction of elongation, 

Fine grain specimens. So far we have been speaking of comparatively large 
crystals, each comprising an entire specimen. For purposes of comparison we also 
carried out observations on fine crystal specimens consisting of grains having 
linear dimensions of 1-1.5 mm. Similar observations were carried out some years 
ago by Dijxtra & Martius?; however, they failed to notice certain interesting de- 
tails. On small crystals, type 2 patterns appear first at the grain boundaries, 
where the stresses are higher compared with the rest of the grain. In most cases 
the appearance and development of type 2 patterns is furthered by "drops" forming 
at the boundaries of type 1 domains (Fig.2,b). The volume of these drops in- 
creases with increasing stress; at a certain stress the drops swell to such an 
extent that they become unstable, break up and retreat, drawing along the type 2 
mosaic pattern. Thus the area occupied by type 2 domains in the crystal in- 
creases. Regarding the magnetization of the drops, it may be inferred that they 
are magnetized along their long sides, i.e., in the same way as the type 2 fig- 
ures; along any given wall the magnetization of all the drops is directed in the 
same way. This is substantiated by the observed increase in the size of the 
drops with longitudinal stretching and the absence of sharp boundaries between 
them and type 2 figures. 

Aside from drops, at the boundaries between type 1 domains there may also 
appear a "chain" pattern. Such chains appear when the crystal is magnetized by 
a field directed along these boundaries. With one direction of the field, the 
chains form along one half of all the walls (alternate boundaries); when the 
field is reversed, the chains form on the other alternate walls. Like that of 
the drops, the magnetization of the chains is aligned with the field. The ap- 
pearance of these patterns is shown in Fig.2,b. The appearance of drops and 
chains is apparently connected with emergence to the surface of internal ferro- 
magnetic domains, while type 1 domains are initially a superficial phenomenon. 

In the case of small crystals, just as in the case of large ones, the width 
of type 1 domains decreases with increasing stress. However, in this case we 
were unable to establish any simple relationship between the domain widths and 
the magnitude of the stress. This may be explained by the fact that by virtue 
of the closeness of the grain boundaries to other portions of the grain, the 
different parts of the grain have different stresses, i.e., by the fact that 
small grains are characterized by steeper stress gradients. In addition, as a 
result of rearrangement of the domain structure under the influence of stress, 
there form on the crystal boundaries stray magnetic fields which also leave 
their imprint on the domain structure (powder pattern). 
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3. Stretching in the |111] direction 


Our observations show that when a crystal is stretched in a direction of 
difficult magnetization, the domain structure changes much as in the case of 
stretching along an axis of easy magnetization. It must be noted, however, that 
at high stresses, just as in the case of elongation in an intermediate direction, 
there is observed rotation of the entire structure through 90°. More detailed 
investigations of variations in structure during stretching in [111] direction 
are hampered by the fact that in this case the powder patterns remain indistinct 
right up to the elastic limit of the material. 


4. Powder figures on the (100) surface 
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Fig.3. Rearrangement of domains under 
the influence of tensile stress: a - 
fragmentation of closure and principal 
domains (stretching in the horizontal 
direction); b - formation of poles ‘ 
(stretching in vertical direction). 
Magnification 150 X; stresses oO in 
kg/mm. 


We studied the variation in closure 
type domains under the influence of 
elongation on crystals whose surface co- 
incided with a (100) plane. The investi- 
gations were carried out on specimens 
composed of grains with linear dimen- 
sions of 1-1.5 mm. When the directions of elongation and of magnetization in 
the prismatic closure domains are parallel, the domains increased in size with 
increasing stress. However, this growth is limited; at a certain point the 
closure domains begin to fragment, i.e., break up into smaller domains, and the 
rearrangement of the main plane-parallel laminar structure is correlated with 
the size of these new, smaller prismatic domains (Fig.3). Reversal of magnetiza- 
tion is realized not by wall displacement, but, as noted above, by sudden mag- 
netization flips of appreciable sections of the crystal. 

If the direction of magnetization in the prismatic domains forms an angle 
of about 90° with the direction of elongation, in the process of stretching the 
domains contract and as a result stray magnetic fields form at the edges of the 
crystals. In Fig.3,b such stray fields are evinced by the accumulation of mag- 
netic powder in the interstices between the closure domains. 
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The reproduced powder pattern photographs show that stray fields do not 
form only if the plane-parallel laminar domain structure includes closure do- 
mains. In most cases there are no closure domains at the crystal boundaries in 
fine grain specimens (the same is true in the case of no stress in the material). 
Ferromagnetic domains of individual crystals tend to arrange themselves so that 
the magnetic flux from one crystal passes into the next and so on. It may be 
said that the domain structure tends to extend through the grain boundaries. 
This is possible if the neighboring grains have an identical (or close) crystal- 
lographic orientation. The weak stray fields arising due to minor misalignments 
are reduced by the formation of wedge-shaped or similar triangular domains at 
the crystal boundaries. Closure domains form on the (100) surface only when the 
orientations of neighboring grains differ appreciably. 


5. Concurrent observation of powder patterns and recording of Barkhausen jumps 


Although the Bitter figure technique 
has great potentialities as regards study 
of the domain structure, it also suffers 
from a number of serious shortcomings. 
Among these is the appreciable lag of the 
pattern changes, the fact that only a limit- 
ed area on the surface of the material can 
be observed and the restricted temperature 
range in which the procedure is applicable. 
Hence in further investigations of the do- 
main structure of materials it may be use- 
ful to supplement the Bitter figure tech- 
nique with some other procedure. In the 
present work, in addition to observing 
Fig.4. Variation in the number N powder patterns, we recorded the Barkhausen 
of Barkhausen jumps with the applied jumps incident to elongation of single crys- 
stress in the [001] (curve 1), [110] tals along different crystallographic axes. 
(curve 2) and j111) directions (curve The results are shown in Fig.4 in the form 
3) of a single crystal. Curve 4 is of curves giving the variation in the nun- 
for a polycrystalline specimen. ber of jumps per mm3 with the load for dif- 

ferent specimens. 

a) Elongation in the [001] direction. The initial sharp rise of the curve 
is connected with elimination of surface domains and intense displacements of 
the walls between the principal domains in the process of their equalization in 
width. Further, the curve flattens out; there are only minor domain wall move- 
ments corresponding to this stress interval. 

b) Elongation in the [110] direction. The initial section of the curve is 
connected with break-up of the initial structure under the influence of stress. 
This process terminates only at point A; here the curve exhibits a break (inflec- 
tion) and thereafter is rectilinear to point B. The interval AB, characterized 
by the powder patterns of Fig.2, corresponds to the interval when there is no 
clearly pronounced domain structure in the crystal (transition interval from 
complete liquidation of the initial structure to the appearance of type 1 and 
2 domains). Thereafter the recorded jumps occur in type 1 and 2 domains. 

c) Elongation in the [111] direction. The curve in this case is almost a 
straight line up to stresses of the order of 22 kg/mm2 (point C). The domain 
structure in this interval undergoes no changes except some parallel wall dis- 
placements and eliminations of the surface domains. The sharp rise of the curve 
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after point C is connected with rearrangement of the entire structure. 

Fig.4 also shows the curve (4) for a polycrystalline specimen (nontextured 
hot rolled transformer iron with a grain size of 1-1.5 mm). As may be expected 
this curve does not show any sharp bend inasmuch as all the crystallographic 
directions are equally probable and the number of jumps is equal to their sum 
in all directions. 

The reproduced Barkhausen jump curves show that such curves faithfully re- 
flect all the changes occurring in the domain structure. Hence this technique 
can be particularly valuable for investigations at low and high temperatures, 
that is, in temperature ranges where the powder pattern technique in its present 
form cannot be employed. 
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CHANGES IN THE MAGNETIC STRUCTURE OF SILICON IRON CRYSTALS UNDER THE 
INFLUENCE OF ELASTIC STRESS 
- V.A.Zaikova & Ia.S.Shur 


The magnetic properties of ferromagnets involved and evinced in technical 
magnetization may change appreciably under the influence of elastic stresses. 
This is apparently due to the fact that unilateral strains may alter the charac- 
ter of the total anisotropy in the crystal and, in consequence, its entire mag- 
netic structure. Detailed investigation of the changes exhibited by the magnet- 
ic structure under the influence of elastic stresses can help us understand the 
nature of the process of technical magnetization in ferromagnets. In addition, 
such studies can yield much valuable information on the relation between the mag- 
netic structure and the crystal structure of ferromagnets. It must be noted, 
however, that hitherto there have been comparatively few studies of this typed2,3 

The purpose of the present work was to establish the general regularities 
characterizing the variation in the magnetic structure in ferromagnetic crystals 
under the influence of elastic stress. 

The studies were carried out by the powder pattern procedure on coarse grain 
samples of silicon iron containing about 3.5% Si. The samples were prepared in 
the form of strips measuring 40 x 4-5 x 0.1-0.2 mm. Specimens with different 
orientations of the surface relative to the crystallographic planes were studied; 
the observed area was sufficiently far removed from the clamped ends of the 
specimens. The dimensions of the individual crystallites varied from 1.0 to 0.2 
mm. The straining equipment and the observation and photographing procedures 
have been described elsewhere. 4 


Results 


Of the many observed changes in the powder patterns on the surface of crys- 
tallites with different orientations under the influence of elastic elongation, 
we shall describe below two characteristic cases:1) when the surface of the speci- 
men is close to a (001) crystallographic plane and 2) when the surface is close 
to a (011) plane. . 

Fig.1 shows a series of photographs of the powder patterns observed on a 
(001) surface of a crystallite, i.e., on the surface of the specimen, the plane 
of which includes the two directions of easy magnetization: [100] and [o10] .* 

The orientationsof the magnetization vectors I, are indicated by arrows in 
the photographs. In the initial (unstressed) state there can be seen on the 
surface of the crystal two principal domains separated by a 180° wall parallel 
to the [100] axis and the Ig in the principal domains (Fig.1l,a). At the ends of 
this wall there appear triangular closure domains with magnetization vectors paral- 
lel to the [010] axis. A number of subdomains can be discerned inside the princi- 
pal domains. 

When a weak stress is applied in the {010 ] direction, i.e., parallel to the 
I, of the closure domains and at right angles to the I, of the principal domains, 
at first there is observed growth of the closure domains and some displacement 
of the wall between the principal domains. Increase of the load leads to an ap- 
preciable increase of the area occupied by the domains the I, of which are paral- 
lel to the direction of elongation. At the same time there appear new 180° walls 
aligned with the strain direction (Fig.1,b). 

*We denote the tetragonal crystal axis closest to the surface of the speci- 
men as [100], the axis deviating furthest from the surface as [001] and the 
intermediate axis as [010]. 
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t [100] [010] 
<— 
Fig.1. Variation in the powder patterns on the (001) surface of a 
silicon iron specimen under the influence of elastic elongation. 
Stress 0 in kg/mm2; a - 0, b - 1.6, c - 3.2, d - 9.5, e - 16, f - 
19.0, g - 9.5 and h - 0; i - O (after demagnetization). 


Further increase of the stress leads to further decrease in the volume of the 
domains disadvantageously magnetized with respect to the direction of elongation 
(Fig.1,c) and growth of the new principal domains. For carrying over the mag- 
netic flux of these principal domains there appear (at the left edge of the 
crystal in the photograph) triangular closure domains, the resultant magnetiza- 
tion in which is perpendicular to the elongation. At a sufficiently high stress 
(9.5 kg/mm2) , the domains in the center of the crystallite with I, perpendicular 
to the line of elongation virtually vanish (Fig.1,d). Further decrease of the 
load leads first to displacement of some of the walls separating the new princi- 
pal domains and to reduction of the volume occupied by the closure domains 
(Fig.1,e) and then to fragmentation of the principal domains and complete disap- 
pearance of the closure domains (Fig.1,f). It is important to note that at high 
tensile stresses there appear at the ends of the principal domains subsidiary 
dagger-shaped domains (Fig.1,f). These domains reduce the energy of the free 
poles located at the ends of the principal domains. At lower stresses this role 
is played by the closure domains, the existence of which at high tensile loads 
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becomes energetically disadvantageous, inasmuch as the I, of these domains are 


perpendicular to the direction of elongation. 


Even minor stretching of the specimen alters the shape of the subdomains 


and the orientation of the magnetization vectors therein. 


Higher loads result 


in complete disappearance of the subdomains. With reduction of the load there 
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Fig.2. Variation of the powder patterns on a surface 

close to a (011) plane under the influence of elastic 

strain. Stress o in kg/mm?: a - 0, b - 2.0, c - 4.7, 

d - 12.5, e - 4.7 and f - 0; g - O (after demagnetiza- 
ion). 


are observed irrevers- 
ible changes in the 
magnetic structure. 
This will be evident, 
for example, from com- 
parison of the powder 
patterns of Fig.1,d and 
g recorded at the same 
value of the stress 

(o = 9.5 kg/mm?) but 
with increasing and 
decreasing loads, re- 
spectively. The walls 
between the principal 
domains formed during 
elongation do not re- 
turn to their initial 
positions. Moreover, 
the number of walls in 
Fig.l1,g is greater 

than in Fig.l,d. Fur- 
ther reduction of the 
stress is accompanied 
by decrease in the nun- 
ber of walls parallel 
to the direction of 
stretching. Complete 
removal of the load 
leads to the appearance 
at the center of the 
grain of a region with 
Ig perpendicular to the 
original stress direc- 
tion (Fig.1,h); the 
magnetic structure does 
not, however, complete- 
ly return to its initial 
appearance. The initial 
magnetic structure is 
restored only after de- 
magnetization of the 
specimen (Fig.1,i). 
This indicates that the 
observed irreversibility 
of the magnetic struc- 
ture is purely magnetic 
in character and is not 
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connected with irreversible changes in the crystal lattice of the ferromagnet 
under the influence of deformation. 

A series of photographs of the powder patterns on the surface close to a 
(011) plane is reproduced in Fig.2. The [100] direction forms a small angle 
with the surface of this specimen; the other two directions, namely [010] and 
[oo1] are at large angles to the specimen surface. In the initial state the 
pattern comprises several rows of drop-shaped subsidiary domains (Fig.2,a). It 
was inferred earlier® that in this case the entire surface of the specimen is 
covered with closure domains with the subsidiary drop-shaped domains inside then. 
The walls between the closure domains are located between the rows of drops, but 
owing to the weakness of the stray fields, these walls are not brought out by 
the powder technique (in Fig.2,a the location of these walls is indicated by the 
dashed lines). The magnetization vectors of the closure domains are parallel to 
the [100] axis and perpendicular to the walls separating these domains. The 
principal domains in this case are magnetized along either the [010] or the [001] 
axis and do not emerge to the surface of the specimen. In Ref.5 this structure 
was called type B. 

When the crystallite is stretched parallel to the magnetization vector of 
the closure domains, there is observed a strong growth of the drop-shaped domains 
(Fig.2,b); the entire surface of the crystallite becomes covered with subsidiary 
drop domains and expanded dagger domains (the latter prior to stretching of the 
specimen were located at the right boundary of the crystal). Further increase 
of the load leads to the appearance of new walls parallel to the direction of 
elongation. These walls divide new principal domains in which the I, are paral- 
lel to these walls. Thus there develops the structure called type A in Ref.5. 

At the same time there is an appreciable decrease in the number and area of the 
subsidiary domains (Fig.2,c). With further increase of the stress, the number 
of principal domains increases, while the drop domains nearly disappear (Fig.2,d). 

Then,with decreasing load, there is observed a gradual increase in the volume 
and number of drop domains. At the same time the number of walls parallel to the 
direction of elongation decreases (Fig.2,e & f). In this case, as in the case of 
the (001) surface described above, the changes in the powder patterns observed 
incident to application and removal of the load are irreversible. This will be 
evident from a comparison of Fig.2,c & e photographed at the same value of o 
(4.7 kg/mm2). In Fig.2,e (decreasing load), the area occupied by subsidiary do- 
mains is smaller and the number of walls parallel to the direction of elongation 
larger than in Fig.2,c (increasing load). The principal irreversible feature in 
this case is that the type A structure, appearing as a result of elongation, per- 
sists even after complete removal of the load (Fig.2,f). In this photograph one 
can see 180° walls and chaotically distributed subsidiary drop-shaped domains. 
The initial magnetic structure is restored only after demagnetization of the 
specimen (Fig.2,g). The drop domains are again arranged in rows perpendicular 
to the direction of elongation. It will be evident from a comparison of Fig.2,a 
& g that in this case, too, the irreversible changes are of purely magnetic char- 
acter and not connected with any irreversible alterations in the crystal lattice 
of the ferromagnet. > 


Analysis of the experimental results 


It will be evident from the cited data that highly complex rearrangements 
occur in the magnetic structure of silicon iron crystals under the influence of 
stresses. Let us try to establish the general regularities characterizing the 
variations in magnetic structure incident to unilateral elastic elongation of 
ferromagnetic crystals. 
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In a crystal with type A structure with triangular closure domains, upon 
elongation of the crystal at right angles to the I, of the principal domains and 
parallel to the I, of the closure domains, there occurs a rearrangement of the 
structure as a result of which the orientation of the I_ of the principal domains 
becomes parallel to the direction of elongation. This rearrangement is caused 
by the fact that the direction parallel to the line of elongation becomes the di- 
rection of easy magnetization (Fig.1). The rearrangement is connécted with a 
positive value of magnetostriction in silicon iron. At the same time closure 
domains grow when the crystal is elongated parallel to the I, in these domains 
(Fig.1,a & b) and contract or even disappear when the crystal is stretched in the 
perpendicular direction (Fig.l1,c & f). In the first case, the increase of the 
closure domains is explained by the fact that elongation makes the [010] direc- 
tion, lying in the plane of the specimen, energetically more advantageous; this 
is the direction parallel to the elongation and the orientation of the I, of the 
closure domains. Consequently, as the load is increased, the entire structure of 
the crystal alters. There appears a structure consisting of plane-parallel 
principal domains with magnetization vectors I, parallel to this [010] direction 
and the direction of elongation and new triangular closure domains in which the 
I, are perpendicular to the strain direction. 

In the second case, the contraction and final disappearance of the closure 
domains is explained by the fact that with elongation of the specimen the exist- 
ence of domains in which the I, are perpendicular to the direction of elongation 
becomes energetically disadvantageous. 2»4 

In the case of stretching of a crystal with type B structure (Fig.2,a) paral- 
lel to the projection of the [100] axis on the plane of the specimen, there is 
at first observed an appreciable increase in the area occupied by the drop- 
shaped subsidiary domains (Fig.2,b). This, apparently, is connected with rear- 
rangement of the entire magnetic structure of the crystal, and hence, as a result 
of elongation, the [100] axis becomes the direction of easy magnetization (in- 
stead of the [010] or[001] axis in the initial state). As the stress is increas- 
ed, the type B structure gives way to the type A structure in which the I, of 
the principal domains become parallel to the [100] direction and the line of 
elongation (Fig.2,b). Further increase of the load is accompanied by decrease 
of the subsidiary domains (Fig.2,d); this is explained by the fact that with in- 
creasing load, the angle between the I, and the surface of the crystal decreases. 
This leads to decrease of the free magnetic poles on the surface of the crystal 
and, consequently, to diminution and disappearance of the subsidiary domains. 

Under the influence of elastic deformation parallel to the I, of the princi- 
pal domains, there is observed displacement of the walls between them (Fig.1,d 
& e) and splitting of the principal domains (Figs.l1,e & f and 2,c & d). The wall 
movements can be explained by the fact that incident to elongation of the speci- 
men there appear new regions in the crystal wherein the wall energy has a mini- 
mum value. Consequently, the walls shift to these minimum energy locations. 
Fragmentation of the principal domains is connected with increase of the stray 
field at the crystal boundaries, in the direction parallel to the line of elonga- 
tion and the orientation of the I, in the principal domains. A substantial role 
is also played in all this by the crystallographic orientation of the neighboring 
grains. 

In some caseselongation leads to a change in the type of magnetic structure 
(Fig.2,a-c). This rearrangement of the magnetic structure occurs because under 
the influence of elongation the tetragonal axis closest to the direction of 
elongation becomes the axis of easy magnetization. 

As noted above, incident to application and removal of a tensile load there 
are observed irreversible changes in the magnetic structure of ferromagnetic 
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crystals. These changes consist of irreversible displacements of the walls be- 
tween the principal domains (Fig.1,d-g) and irreversible alterations of the 
closure and subsidiary domains. Hence, as a rule, the appearance of the powder 
patterns after removal of the load differs from their initial appearance (Figs. 
la & h and 2,a & f). This irreversibility in the variation of the magnetic 
structure is due to the existence of several relatively stable magnetic-structure 
states in the crystal. 


Conclusions 


Noticeable changes occur in the magnetic structure of silicon iron crystals 
under the influence of elastic elongation. These alterations consist of wall dis- 
placements, changes in the size of the subsidiary and closure domains and modi- 
fications of the type of magnetic structure; they depend on the magnitude of ap- 
plied stress, the type of initial magnetic structure and the orientation of the 
stress relative to the crystallographic axes. Some of the changes in magnetic 
structure occurring incident to elongation of the crystal are irreversible. 

The experimental results can be interpreted qualitatively if it be assumed 
that under the influence of stresses the magnetization vectors of the domains 
are rotated parallel to the direction of elongation, that regions with minimum 
energy are redistributed in the crystal and that the tetragonal axis closest to 
the direction of elongation becomes the direction of easiest magnetization. 

It may be hypothesized that the character of the changes in magnetic struc- 
ture under the influence of stresses below the elastic limit will be similar in 
other low-coercivity magnetic materials. This applies particularly to triaxial 
ferromagnets. 
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MAGNETIC STRUCTURE OF A FERROMAGNET IN THE REMANENCE STATE AND CHANGES 
THEREIN INCIDENT TO DEMAGNETIZATION BY AN ALTERNATING FIELD 
- I.E.Startseva & Ia.S. Shur 


Introduction 


In earlier contributions!»2 we drew certain inferences regarding some 
characteristics of the magnetic structure of ferromagnets in the remanence state 
and on the influence of these characteristics on the stability of the residual 
magnetization. These inferences were based on investigations of the influence 
of the crystal structure of a ferromagnet on the magnitude of the residual mag- 
netization and its stability as regards various demagnetizing factors. 

It is known that experimentally determined values of the remanence I, are, 
as a rule, considerably lower than the theoretical values calculated on the as- 
sumption that the remanent induction is a result of rotation of the spontaneous 
magnetization vector I, from the direction parallel to the field in which the 
sample was magnetized to saturation to the direction of easy magnetization 
closest to the orientation of this field. It was suggested in Refs.l & 2 that 
the difference between the experimental and theoretical values of I, is due 
primarily to the fact that in addition to the principal magnetic domains in 
which the magnetization vectors I, are oriented in the directions of easy mag- 
netization closest to the direction of the magnetizing field, in the remanence 
state there also exist subsidiary (closure) and reverse magnetic domains in 
which the orientation of I, differs from that of the vector in the principal do- 
mains. It was also hypothesized on the basis of our experimental results that 
the subsidiary and reverse magnetization domains play a determining part in the 
process of removal of residual magnetization by different demagnetizing influ- 
ences. 

The purpose of the present research was to check these inferences and hypo- 
theses by direct observation of the magnetic structure of a ferromagnet both in 
the remanence state and during removal of the residual magnetization by means of 
an alternating magnetic field. 


1. Samples and procedure 


The study was carried out on polycrystalline specimens of silicon iron 
(4% Si). The linear dimensions of the individual crystallites were 0.5 to 2 mn. 
To minimize self-demagnetization, commonly observed in open-circuit specimens, 
the specimens were prepared in the form of rings with an outside diameter of 40 
mm, an inside diameter of 28 mm and a thickness of 0.1-0.2 mm. 

The magnetic structure was observed by the powder pattern technique. In 
polishing the observed surfaces and preparing the magnetic suspension, we fol- 
lowed the procedure described in Refs.3 & 4. 

The samples were magnetized in a steady circular magnetic field. For de- 
magnetization we employed a circular alternating (50 cps) field. 

The value of I, was evaluated qualitatively from the appearance of the mag- 
netic structure. Since the thickness of our samples was less than 0.2 mm the 
walls between the principal domains extended through the entire thickness of the 
crystal. The degree of stability of the remanence state was evaluated qualita- 
tively from the strength of the alternating field producing a noticeable rear- 
rangement of the magnetic structure resulting in a decrease of I,. 
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2. Results of powder pattern observations 


To elucidate the characteristics of the magnetic structure of residually 
magnetized ferromagnets, we carried out observations on a large number of crys- 
tallites with surfaces parallel to different crystallographic planes. It was 
found that the appearance of the magnetic structure in the remanence state de- 
pends on the crystallographic orientation of the crystallite surface, on the 
orientation of the field magnetizing the specimen with respect to the crystal- 
lographic axis, and on the crystallographic orientation of the neighboring 
crystallites. 

If the surface of the crystallite lies in one of the crystal planes con- 
taining at least one direction of easy magnetization and the magnetization is 
realized by a field parallel to this direction, usually no subsidiary and re- 
verse magnetization domains are observed on the surface of the crystallite in 
the remanence state. Sometimes there are seen a few subsidiary domains near 
the edges of the crystallite and subdomains clustered about defects. In such 
crystallites, the residual magnetization is close to the saturation magnetiza- 
tion. Generally, in the demagnetized state, such a crystallite fragments into 
a number of antiparallel domains so that the integral magnetization equals zero. 
The number of such domains and their dimensions depend on the geometry of the 
crystallite. 

If the direction of easy magnetization deviates from the surface of the 
crystallite even by a small angle, diverse subsidiary (closure) domains (drops) , 
firtrees, trunks, daggers, combs, etc.) appear on the surface. Similar domains 
have been observed?»® in the surface of demagnetized crystals. The appearance 
and character of the subsidiary domains depend on the orientation of the sample 
surface relative to the crystallographic axes and the orientation of the field 
in which the crystal was magnetized. 

In cases when the surface of the specimen lies in a crystal plane contain- 
ing two directions of easy magnetization, the magnetic structure in the reman- 
ence state differs appreciably from the structure in the demagnetized state. 
Thus, for example, we observe cases when in the demagnetized state the crystal 
is broken up into a series of antiparallel principal domains separated by 180° 
walls, while in the remanence state (after magnetization by a field oriented at 
45° to both directions of easy magnetization and parallel to the surface of the 
crystal) the crystal consists of plane-parallel domains with the magnetization 
vectors in neighboring domains oriented at 90° to each other. @ 

With increase of the angle between the direction of easy magnetization and 
the surface of the crystal, the number and volume of the subsidiary domains in- 
crease and there appear reverse magnetization domains in which the I, are ori- 
ented antiparallel to the I, in the principal domains. 

Thus our earlier inference that the experimental values of I, are always 
lower than the theoretical because of the formation of subsidiary and reverse 
magnetization domains is substantiated by the evidence of the powder patterns. 

In investigating the variation in the magnetic structure of our ferromag- 
netic specimens under the influence of an alternating magnetic field, it was 
established that the stability of the magnetic structure in individual crystal- 
lites depends to an appreciable extent on the crystallographic orientation of the 
crystal surface and onthe orientation of the demagnetizing field. 

If the surface of a crystallite fully coincides with a crystallographic 
plane containing a direction of easy magnetization (i.e., if in the remanence 
state there are no subsidiary and reverse domains in the crystallite), its mag- 
netic structure is more stable; that is,a stronger (higher amplitude) magnetic 
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Fig.1. Remanance state after 
magnetization by a field 
directed upward (7TH); sur- 
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Fig.3. Same after exposure 
of the specimen to an alter- 
nating field with a peak 
amplitude of 0.7 oersted. 
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magnetic domain magnetized in the direction of easy magnetization. 
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field is necessary to demagnetize such a crystal- 


lite. 


It should be noted that often the appear- 


ance of reverse magnetization domains in such crys- 
tallites appears to be triggered or induced by the 
appearance of reverse domains in neighboring crys- 


tallites. 


As a rule, subdomains do not transform into 
reverse magnetization domains, i.e., do not act as 
nuclei of magnetization reversal. 

When there is some deviation of the crystal- 
lite surface from the crystal plane containing a 
direction of easy magnetization and there are sub- 
sidiary domains present on the surface of the 
sample in the remanence state, the process of re- 
moval of residual magnetization is facilitated. 

In this case under the influence of the alternat- 
ing field, one can observe how some of the subsidi- 
ary domains grow and transform into reverse magnet- 
ization domains, which subsequently fragment. 

Demagnetization of a crystallite is most easi- 
ly realized when there already exist reverse magnet- 


ization domains in the remanence state. 


In this 


case domain wall displacements are observed even 


in a weak alternating field. 


This effect can 


readily be understood if we bear in mind that move- 
ment of the walls of the reverse domains generally 
does not involve an appreciable change in the area 
of the walls, whereas transformation of subsidiary 
domains into reverse magnetization domains is al- 


7 


Fig.4. Same after exposure 
of the specimen to an alter- 
nating field with a peak 
amplitude of 0.9 oersted. 


ways connected with 
an appreciable in- 

crease of the area 

of the interdomain 

walls. 

The photographs 
reproduced in Figs. 
1-4 will serve to 
illustrate how the 
powder patterns on 
the surface of a 
crystallite change 
under the influence 
of an alternating 
field, i.e., incident 


The surface of this crystallite nearly 


The initial magnetizing field was parallel to the 
direction of easy magnetization, oriented at a small angle to the surface of the 


In the remanence state the entire crystal consisted of one principal 


In addition, 


there can be discerned on the surface of the crystal a number of subsidiary do- 
mains in the form of "drops" and "wedges" (Fig.1), in which the magnetization 

vectors are oriented antiparallel to the magnetization of the principal domain. 
Under the influence of a weak alternating field, one of the subsidiary domains 


transforms into a reverse magnetization domain (Fig.2). 


With further increase of 
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the field amplitude, this reverse magnetization domain expands and within it 
there forms a new principal domain in which the magnetization vector is parallel 
to the vector in the initial principal domain (Fig.3). Further increase of the 
field amplitude causes displacement of the walls between these new magnetic do- 
mains (Fig.4). 

Thus in the demagnetized state this crystallite contains an array of domains 
with antiparallel magnetizations. 

It must be noted that upon repeat magnetization of the specimen with a con- 
stant field of the same intensity as the initial magnetizing field, the magnetic 
structure in the remanence state is not fully reconstructed. Nor is the magnetic 
structure fully reproduced when the crystallite is again demagnetized by an alter- 
nating field of the same amplitude. 

In polycrystalline specimens, the crystallographic orientation of neighbor- 
ing grains has an appreciable effect on the domain structure of individual crys- 
tallites in the remanence state and on the variation of this structure under the 
influence of an alternating field. This influence becomes stronger with decreas- 
ing grain size. 

More detailed data on the appearance of the magnetic structure in the reman- 
ence state and the changes in the structure incident to demagnetization by an 
alternating field will be found in Refs.7 & 8. 


Conclusions 


The results of our observations of powder patterns on the surface of indivi- 
dual crystallites of polycrystalline silicon iron specimens may be summarized as 
follows. 

1. In the remanence state, in addition to the principal magnetization do- 
mains in which the magnetization vector is oriented in the direction of easy mag- 
netization closest to the orientation of the field in which the specimen was mag- 
netized, there are present in the crystallites reverse magnetization domains and 
subsidiary (closure) domains of different types, including subdomains. These do- 
mains are responsible for the experimental values of the residual magnetization 
being lower than the theoretically calculated values. 

2. The appearance of the magnetic structure in the remanence state depends 
on the crystallographic orientation of the crystal surface and on the orienta- 
tion of the original magnetizing field with respect to the crystallographic axes. 

3. Subsidiary and reverse magnetization domains, when present in the crys- 
tal in the remanence state, act to reduce the stability of its magnetic structure 
as regards demagnetizing factors (specifically, an alternating field). 

4. Subdomains generally do not transform into nuclei of magnetization revers- 
al (reverse domains). 

5. The changes observed in the magnetic structure of a crystallite in the 
remanence state in the process of demagnetization by an alternating field are 
the following: some surface subsidiary domains grow and transform into reverse 
magnetization domains; these expand with increase in the amplitude in the alter- 
nating field. Sometimes in sufficiently strong alternating fields these reverse 
magnetization domains break up into smaller reverse domains. 

6. In polycrystalline specimens the crystallographic orientation of neighbor- 
ing grains has a noticeable influence on the magnetic structure of individual 
crystallites in the remanence state and on the changes occurring in the structure 
in the process of demagnetization. 
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TEMPERATURE STABILIZATION OF THE MAGNETIC PROPERTIES OF ALLOYS 
- I.M. Puzei 


In engineering applications of ferromagnetic materials one frequently has 
to allow for a strong temperature dependence of their magnetic properties. In 
the case of low-coercivity materials increase of the temperature as a rule leads 
to increase of the permeability. If the operating temperature range is far from 
the Curie point, this temperature dependence of the permeability (and of the co- 
ercive force) is due primarily to the temperature dependence of the magnetic 
anisotropy and magnetostriction constants. The anisotropy energy has a particu- 
larly strong influence inasmuch as it may vary over a wide range with tempera- 
ture; the magnetostriction generally varies much less. 

In the work of Ref.1 we discovered the effect of the inverse temperature 
dependence of the anisotropy energy in the binary alloy Ni3zFe and this alloy with 
4% Cu as well as in Mo-Permalloy type alloys; in the first two alloys this in- 
verse temperature dependence is observed in the state obtained after quenching 
in oil from 6009; in the latter alloys - in states with a certain degree of order- 
ing. 

Neutron diffraction studies of Mo-Permalloys showed? that in these alloys 
long-range order is absent even after 25 days annealing at temperatures of 300- 
500°, yet at the same time the magnetic anisotropy changes from virtually zero 
to 104 erg/cm3, Thus the transformations in the alloy responsible for the large 
change in magnetic anisotropy are short-range order transformations. 

Hence it may be concluded that the forces giving rise to magnetic anisotropy 
are local, short-range forces. 

This can also be understood from the standpoint of quantum mechanical theory. 
According to Vonsovskii* the mean exchange energy of an alloy is characterized by 


AgaVaa + Anon + Aan an + Ara’ ba 


ae sole has 
Naat Nop + Nan + Voa 


? 

where Aq, and A,, are the exchange energies of the pure components a and 2, A, 
and A,, are the exchange energies of the component pairs, and N's are the numbers 
of nearest neighbor atomic pairs. 

If spin-spin and spin-orbit interaction are taken into account, the exchange 
interaction can be regarded as anisotropic and the exchange integral is replaced 
by the exchange interaction tensor.4 However, the expression for the average ex- 
change energy of the alloy given by Vonsovskii remains valid. Bearing in mind 
that the total exchange interaction is determined primarily by the exchange inter- 
action of nearest neighbors, it may be inferred that transformations of the short- 
range order type will have a strong influence on the anisotropy energy; this is 
in fact borne out by experiment. 

It will be apparent from the above formula for the average exchange energy 
that if the alloy components have anisotropy constants of opposite sign, at some 
concentrations one can expect the anisotropy of the alloy to be zero. This is 
observed, for example, in Ni-Fe alloy with 27% Fe (Ref.5), Fe-Co alloy with 56% 
Fe (Ref.6) and others. If the pure components, have anisotropy constants of op- 
posite sign and the temperature dependences of the constants are of the conven- 
tional type, then for the alloy one can expect an inverse temperature dependence 
of the magnetic anisotropy constant in some temperature interval. This effect 
must be particularly clearly evinced at small values of the anisotropy energy, 
i.e., in the region close to the magnetically isotropic state, when even small 
variations of the anisotropy energy can change the temperature dependence. 

In the general class of magnetic alloys, alloys with a magnetically iso- 
tropic state are not rare. The anisotropy constants of some alloys in the Ni- 
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-Fe-Co system® are shown in Fig.l. We see that in this 
ternary system there are many concentrations correspond- 
ing to a magnetically isotropic state of the alloy. 
If, further, we take into account the influence of 
ordering, the number of such concentrations will be 
even greater. This can be seen in case of the Ni-Fe 
system? in which magnetically isotropic alloys can be 
obtained not just at one concentration but in the en- 
tire range from 28 to 42% Fe. An analogous situation 
probably obtains for Fe-Co alloys, as well as for 
Perminvar type alloys wherein ordering processes are 
known to occur. 

In the work of Ref.1 we demonstrated the possibili- 
ty of temperature stabilization of the magnetic proper- 
ties of Mo-Permalloy. In the present work we establish- 


Fig.1. Magnetic aniso- ed that utilizing the unique temperature dependence of 
tropy constants of some the anisotropy energy this temperature stabilization 
Fe-Co-Ni alloys. procedure can be extended to magnetically soft alloys. 


The procedure employed in measuring the magnetic 
anisotropy was the same as that used in our earlier investigation and has been 
described in Ref.1l. 

Investigations of the temperature dependence of the magnetic anisotropy 
constants of alloys close to their isotropic state showed that as a rule an in- 
verse temperature dependence of the anisotropy energy is observed in some tem- 
perature intervals. 

In Ref.1 we gave the curve of the temperature dependence of the anisotropy 
constant of an Ni-Fe alloy in which an inverse temperature dependence obtains in 
the temperature range from +60 to -196°. Inasmuch as with increase in the degree 
of order in the alloy, the magnetically isotropic alloy concentration is shifted 
to the side of iron, the inverse temperature dependence apparently is shifted in- 
to the same range of concentrations. 

From Fig.l we see that among the Fe-Co alloys, the alloy with 44% Co is 
characterized by magnetic isotropy. 

The temperature dependence of the anisotropy constant of the 57.3% Fe + 42.7% 
Co alloy is shown in Fig.2. In the -200 to 0° region there is a weak growth of 
the constant, i.e., the temperature variation is 
normal. In the region above 0° the variation is 
anomalous. At high temperatures ordering occurs 
and leads to irreversible changes in the anisotropy 
constant. 

As in the case of Ni-Fe alloys, with ordering 
one should expect displacement of the concentra- 
tion corresponding to the magnetically isotropic 
alloy and the inverse temperature dependence of the 
anisotropy to the side of higher Co contents. 


«100 aa 200 400 According to the data of Ref.6 Ni-Co alloys 
£ are magnetically isotropic at Co concentrations of 
Fig.2. Temperature dependence 5 and 18%. 
of the magnetic anisotropy Figs.3,4 & 5 show the temperature dependences 
constant K of 57.3% Fe + of the magnetic anisotropy constants of Ni-Co al- 
+ 42.7% Co alloy after loys with 5.3, 19 and 25% Co. It will be seen that 


quenching in oil from 800°. the 5.3% Co alloy is characterized by an inverse 
temperature dependence in the -20 to +50° range 


Fig.3. Temperature depend- 


ence of K of 5.3% Co + 94.7% 


Ni alloy. 
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Fig.4. Temperature depend- 
ence of K of 19% Co + 81% 
Ni alloy. 
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Fig.6. Temperature depend- 
ence of the anisotropy 
constant of 10.2% Co + 

+ 89.8% Ni alloy. 
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Fig.7. Variation of the 
anisotropy constant of Mo- 
Permalloy as a function of 
the isothermal annealing 
temperature T. K measured 


at +20° (1 & 1') and -195.8° 


(2 & 2'). 
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(Fig.3). In the 19% Co alloy the inverse tempera- 
ture dependence is observed from -40 to +150° 
(Fig.4), while in the alloy with 25% Co the tem- 
perature variation of the anisotropy is anomalous 
from +20° down (Fig.5). 

Prolonged low temperature (500 to 400°) an- 
nealing for 5 days of the Ni-Co alloys did not 
lead to any substantial changes of the anisotropy 
constant. Apparently, this heat treatment results 
in little or no ordering in Ni-Co alloys. 

It is interesting to note that according to 
Fig.1 the alloys with concentrations of Co from 
5 to 18% have a positive anisotropy constant at 
room temperature, although the anisotropy of nickel 
and cobalt (in the face-centered cubic modifica- 
tions) is negative. Fig.6 shows the temperature 


dependence of the anisotropy constant of Ni-Co 
alloy with 10.2% Co. 


No anomalies are observed in 
this case: the tem- 
perature variation 

is the same as in 

pure metals, for 
example, iron. 
Probably here the 
anisotropy is largely 
determined by the 
correlation terms 
AavNap and AbalVoa. 

. Fig.7 shows 

the variation of the 
anisotropy constant 

of Mo-Permalloy 

(78.3% Ni + 17.9% Fe + 
+ 3.8% Mo) at +20° and 
-196° as a function 

of the isothermal an- 
nealing temperature. 
The arrows at the 
curves indicate the 
direction of tempera- 
ture change in succes- 
sive anneals. (Curves 
1 & 2 are for the Mo- 
Permalloy sample an- 
nealed at successively 
higher temperatures.) 
In addition the sample 
characterized by cur- 
ves 1' and 2' was an- 
nealed for shorter 
periods (at succes- 
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Fig.5. Temperature depend- 
ence of K of 25% Co + 75% 
Ni alloy. 
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sively lower temperatures) - see Ref.1: Fig.7 and text. 
One can distinguish three different sections of the temperature dependence 


curves. 


Let us consider the lower curves 1' and 2'. 


In the case of isothermal 
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anneals at temperatures under 435° or above 490°, the temperature variation of 
the anisotropy constant is normal in the range from +20 to -196°. In the range 
of annealing temperatures from 435 to 475°, we observe the inverse variation of 
the anisotropy constant. In the case of annealing in the interval from 475 to 
520°, the anisotropy constant changes sign. Details of the temperature depend- 
ence of the anisotropy constant after isothermal heat treatments corresponding 
to the upper curves in Fig.7 are given in Ref.1 (see Figs.9 & 10 in Ref.1). 

The strong dependence of the anisotropy constant of Mo-Permalloy with the 
degree of short-range order is explained by variation of the numbers J,,,...Nj,,. 
With increase in the degree of order JN. and Nia increase, whereas with disorder- 
ing N., and N,, increase, while JN, and N,, decrease, i.e., in the disordered 
state the individual properties of the components make a stronger contribution. 

Our discovery and investigation of the inverse temperature dependence of 
the magnetic anisotropy energy led to development of a procedure for temperature 
stabilization of the magnetic properties of alloys. 

A. Mo-Permalloy. With a view to checking and supplementing the results of 
Tiablikov?, we investigated the magnetic properties of standard Mo-Permalloy and 
two other alloys of similar composition. In all we experimented on seven samples, 
the compositions of which are listed in Table l. 

Table 1 
Composition of investigated samples of Mo-Permalloy type alloys 


Composition, % 
Sample 
No. Ni Mo Si Mn CG Fe 
4 
2 79,0 3,8 (fh26S >| 0.30.6 0,03 Remainder 
5 
4 
5 80,71 3,58 0,23 0,64 0,03 
6 80.35 419 0.19 0.64 0.03 
#4 


Samples of identical composition in the form of ribbon toroids or disks 
(thickness 0.35 mm) were subjected successively to the following heat treatments 
in vacuum: 1) heating for 3 hours at 1100°, cooling at 200° per hour to 600° 
followed by cooling in the container in air and 2) heating for 3 hours at 600°, 
24 hours at 530°, 36 hours at 490°, 36 hours at 470°, followed by cooling in a 
stream of air. 

The first treatment is the standard one. The second corresponds to the 
lower curves (1' & 2') in Fig.7. After these heat treatments we measured the 
magnetic properties at -196°, +20° and +100°. 

We characterize the temperature stability of the magnetic properties by 
the value of the permeability in a constant field close to the maximum permeabili- 
ty field. This method of characterization is more representative of actual work- 
ing conditions than comparison of maximum permeabilities. 

The results obtained in our tests are summarized in Table 2. 

We obtain quantitatively similar results if we characterize the stability 
in terms of the initial and maximum permeabilities. 

It will be evident from Table 2 that after the standard heat treatment re- 
commended in the GOST (State All-Union Standards) for Mo-Permalloy, the magnetic 
properties of the material change greatly with temperature particularly in the 
range of low temperatures. Thus, in the case of sample No.1 at -196° the perme- 
ability fell off to 1/10 its value at room temperature. Comparable decreases 
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Table 2 
Magnetic permeability in Gauss/Oersted in a constant field 
of the Mo-Permalloy type alloys at different temperatures 


vs Thick i- Treatment 1 s _..._—Treatment 2 
Sample ness, |Ficld! Ficld, | | i 
No. | loers-| —196°} 420° | +100° | ocrsteg! 196°} +20° | +1009 
tee tod. |i at a: tekst : 

1 0,2 |0,032]) 10750 | 116000 | 134000 | 0.035 93.000 | 105.000 | 114 000 
2 eZ, 0.032 | 10 000 110 000 130:0000 1 fg tam >} 400.000 114000 | 120 000 
3 0,39 |0,018} 48000 | 203000 | 238000 | | 0.027 135 000 | 149 000 | 167 000 
4 0,35 | 0,018) 51.000")) 205'000"), 240 O0OMRY srs 119000 | 128000 | 147 000 
D 0,2 10,016) 15000 | 206000 | 232 000 168 000 | 185000 } 195 000 
6 0,1 0,016} 43.000 | 151.000 | 103 000 0,023] 183.000 | 4152 000 | 163 000 
7 0,1 |0,016} 13.000 | 155000 | 203 000 143.000 | 147000 | 166 000 


were observed in the case of samples Nos.5,6 and 7. In thicker samples the per- 
meability decreased by a factor of five. 

An entirely different situation prevails after the stabilizing heat treat- 
ment. Here the average decrease in permeability is only 9.2% in going from +20 
to -196°. Further, the increase in permeability with increase of temperature 
from +20 to +100° amounts to 20% after the standard heat treatment and to only 
7.5% after the stabilizing treatment. 

It will be apparent that the stabilizing heat treatment evolved on the basis 
of our investigation of anisotropy constants radically improves the temperature 
stability of Permalloy particularly in the "difficult" range of low temperature. 

B. Ni-Co alloys. As noted in connection with Fig.4, the Ni-Co alloy with 
19% Co exhibits an inverse temperature dependence of the anisotropy constant in 
the range from -40 to +150°, 

Fig.8 shows the variation of the permeability 
of Ni-Co alloy with 18% Co with the magnetic 
field at +20 and +100°. It will be seen that at 
+100° the permeability in all fields is lower 

than at room temperature. This is consistent 
2} ——- —}}-—- |- a with the temperature dependence of the magnetic 

anisotropy of this alloy. Fig.4 shows that in- 
crease of temperature from +20 to +100° leads to 
an increase in the absolute magnitude of the 
anisotropy constant from 3.2-103 to 5.7-103 
erg/cm3, This the inverse temperature variation 
of the anisotropy constant can even result in a 
reduction of the permeability with increasing 
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4000 ee rears 


L000 


Me) Sieh ewe temperature. 
H, fe It is interesting to note that the magneto- 
Fig.8. Variation of the mag- striction of the 19% Co alloy is -2.4-10-%, 
netic permeability w of 82% Consequently, stabilization of the magnetic 
Ni + 18% Co alloy with the properties is theoretically feasible not only 
field H at +20° (1) and in materials with a low magnetostriction such as 
+100° (2). Mo-Permalloy. This is not unexpected particularly 


if we recall that since the residual stresses in 
the annealed material are of the order of 3 kg/mm2 and the saturation magneto- 
striction \] ~ 10-5, the magnetoelastic energy equals 3-103 erg/cm?, ivec; aec0r 
the same order of magnitude as the anisotropy energy. Consequently, even in the 


case of large values of magnetostriction, it should be possible to compensate its 
adverse influence. 


= 2193 = 


Obviously, if we alter slightly the composition of the above mentioned Ni- 
Co alloy, we can expect to obtain good stability of its permeability in the re- 
gion of elevated temperatures. 

It is evident from Fig.4, the inverse temperature dependence of the magnetic 
anisotropy constant obtains up to +1509. Hence it should be feasible to stabil- 
ize the magnetic properties up to this temperature. However, permeability 
measurements at this temperature have not been made. 

Thus we have shown, here and in Ref.1, that alloys in a state close to a 
magnetically isotropic one, i.e., having small values of the anisotropy energy, 
may exhibit a unique (inverse) temperature dependence of the magnetic anisotropy 
constant, which makes it possible to stabilize their magnetic properties as re- 
gards temperature variation through appropriate heat treatment. 

There are numerous such alloys particularly in the Ni-Fe-Co system and their 
number can be further increased if one makes use of their potentiality for order- 
ing. Hence the proposed method of stabilizing the magnetic properties of alloys 
is presumably applicable to a large number of diverse alloys. 
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MAGNETIC ANISOTROPY AND HYSTERESIS LOSS IN ROTATING MAGNETIC FIELDS 
IN A MAGNETITE SINGLE CRYSTAL AT LOW TEMPERATURES 
- N.N.Narovskaia 


Magnetite, which has a cubic lattice at room temperature, undergoes a trans- 
ition at -160°: the symmetry changes from cubic to orthorhombic. This transition 
is connected with ordering of the initial random distribution of the Fe2+ and 
Fe3+ ions. Lil was the first to observe that the character of magnetic aniso- 
tropy of magnetite at temperatures below the transition point depends on whether 
a field is applied during the cooling. Briukhatov2 showed that an axis of easy 
magnetization is formed in the (001) plane of a magnetite single crystal when 
the crystal is cooled in a strong magnetic field, while when it is cooled in a 
zero field the character of the magnetic anisotropy remains the same as at room 
temperature. 

To explain the influence of a magnetic field on the transition of magnetite 
Williams, Bozorth & Goertz3 proposed the following model to characterize the 
mosaic (or “hybrid'') structure of a magnetite single crystal at temperatures be- 
low the transition point: if the crystal is cooled in an external magnetic field 
parallel to one of the cube edges, it becomes an orthorhombic crystal with the 
axis directed along the field; this axis becomes the axis of easy magnetization; 
if the crystal is cooled in a field parallel to the [110] direction, it fragments 
into domains, the c axes of which are distributed with equal probability in the 
[100] and [010] directions. A mosaic structure is formed. If the crystal is 
cooled in the absence of a magnetic field, the c axes of the mosaic domains are 
distributed with equal probability in the [100], [010] and [001] directions (all 
the indicated directions pertain to the cubic lattice). 

The properties of a crystal as a whole are obtained by summing the proper- 
ties of the individual portions. Calculations of the torque acting on a crystal 
in a magnetic field and torque measurements carried out by Williams, Bozorth & 
Goertz substantiate this hypothesis. We shall make use of it in explaining the 
results of our experiments. 

Briukhatov4 investigated the hysteresis loss in rotating magnetic fields 
in a magnetite single crystal cooled to -195° both in the absence of a magnetic 
field and in a strong field. His measurements for the case of zero field cooling 
showed a distinctive field dependence of the hysteresis loss. Whereas in ordin- 
ary ferromagnets the loss in rotating fields after going through a maximum falls 
off to zero, in the case in question the loss curve after the maximum has a mini- 
mum and with further increase in the field strength again rises. No tendency to 
saturation or evidence of a second maximum was observed in fields up to 10,000 
oersted. 

Briukhatov's measurements were carried out only at -195°. The purpose of 
the present work was to investigate the hysteresis loss in rotating magnetic 
fields for different fields and temperatures. The measurements were carried out 
on a single crystal of natural magnetite cut in the form of a sphere and mounted 
in the holder of the torquemeter so that the plane of rotation of the electro- 
magnet coincided with a (001) plane of the specimen. The torque curves were re- 
corded by measuring the torque acting on the crystal at different successive 
angles of the magnetic field. The hysteresis losses were then calculated from 
these torque curves. The crystal was first cooled under appropriate conditions 
to -195°. Then the measurements were made at successively higher temperatures as 
the crystal was slowly warmed to -160°. 

The experimental results for the case of cooling in zero field are shown 
in Fig.1. It will be seen that the loss increases with increasing temperature 
from -195°, attains a maximum in the -170 to -166° interval and then falls off 
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sharply to zero at -160° for all the measurement 
fields used. The magnitude of the loss also de- 
pends on the field and at all temperatures increas- 
es with the field intensity. 

One can propose the following mechanism for 
explaining the origin and characteristics of the 
hysteresis loss in magnetite in rotating fields. 
The underlying concept follows from the axis switch- 
ing effect discovered by Bickford5: the orthorhomb- 
ic c axis switches under the influence of a magnet- 
ic field from one <100> type direction to another 
direction of the same type. Such switching can 
occur only under the influence of a strong field 
(about 15,000 oersted) and at temperatures from 
-160 to -180°. Calhoun® suggested that such axis 
transfers are connected with redistribution of 
electrons between the Fe2* and Fe%+ ions forming 
the ordered structure. 


Q, 109 erg em~3 per cycle 


Fig.1. Temperature depend- As noted above, the low temperature phase of 
ence of the hysteresis loss magnetite is characterized by an ordered distribu- 
Q in rotating fields in tion of the Fe2* and Fe3t ions. The redistribution 
magnetite cooled through the of electrons could not occur only in a small portion 
transition point with no of the crystal, inasmuch as this would lead to dis- 
external magnetic field. ordering if the ions in the neighboring regions re- 
Measurement field H: 1) tained their original distribution. For a non- 


1000, 2) 2000, 3) 3000, 4) mosaic crystal with a single uniquely oriented c 
4000, 5) 5000, 6) 6000, 7) axis, switching of the c axis to another direction 
7000 oersted. can occur only in the crystal as a whole or at 
least in a large portion of the crystal. For this 
to occur a sufficiently strong field is essential. On the other hand, if the 
crystal consists of individual domains or regions with differently oriented c 
axes, upon application of a field, redistribution of electrons can occur in por- 
tions of the crystal adjacent to the domain boundaries both owing to the action 
of the field and to the orienting influence of one domain on another; as a result 
the interdomain wall will be displaced: one domain will increase in size at the 
expense of the other. This will obviously be reflected in the torque curves. 

Let us next consider the case of cooling of magnetite in an external field 
parallel to the [110] direction. According to the hypothesis outlined above, the 
crystal will break up into two groups of domains, equal in volume. According to 
Williams, Bozorth & Goertz3, the torques can be calculated with the aid of the 
following general expression for the magnetic anisotropy energy: 


E = K,sin*6, + K7sin“6, + Ky,sin*6, + K, sint6, + K, sin®0, + K’ sin46,, (1) 


where 6,, 6, and §, are the angles between the saturation magnetization vector / 
and the respective orthorhombic axes and Ku, K,, Av, K,, Ke and K’ are the aniso- 
tropy constants. 

From Eq. (1) we obtain the following expression for the torque in the (001) 
plane for the region in which the c axis is parallel to [100]: 


1 = : = , 
= — | (2Ka + 2Ky — 4K, + 3K, +3Kj— 4K’) sin 20— 2 (K’ 4K’, + 4K") sin 40. (2) 
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The expression for the torque in the same plane for the region in which the 
c axis is parallel to [010] is derived from (2) by substituting (@ + x/2) for 
; preee jase . Se Re : 
8 and is L = ~-(2Kq -- 2K, —- 4K, -| 3h’ -| 3h) — 4K") sin 20 — 
Od : , 
re (AY, - AY, -- 4A%) sin 40. ee 


From (2) and (3) we readily obtain the following expression for the torque 
acting on a crystal with an equal volume of domains of the above two types: 


L=— ‘ (A" -|- AY, - 4A) sin 40, (4) 


t 


In the proposed model, after displacement of the 
walls between the domains, these domains will obviously 


o” $0" uso" no longer occupy equal volumes and as a result a compo- 
oY nent with sin 20 will again appear in the torque curve. 
(pe However, the direction of the wall displacement and, 

Yo) iq 2 9 80° consequently, the phase of the component with sin 20 
must depend on the direction in which the measurement 
Bw = 0’ magnetic field is rotated. The diagram of Fig.2 il- 
pd! lustrates how hysteresis arises in the case of two group: 
yp eee of mosaic structure domains. 
4), GE meat LP In our work, for obtaining two volumetrically equal 
ae regions (as shown schematically in Fig.2), the magnetite 
0 §—Th’ iw’ single crystal was cooled from +20 to -195° in a magnet- 
ic field aligned accurately with the diagonal of a (001) 
MN / a face. One of the experimental torque curves obtained in 
HOY Ho the -160 to -195° interval is shown in Fig.3. It will 
be seen that this curve is generally similar to the re- 
Fig.2. Diagram illus- sultant curve given in Fig.2. To insure an appreciable 
trating origin of hys- displacement of the walls between the mosaic structure 
teresis in a crystal regions, we used a rotating field of 9000 oersted. Our 
cooled in an external measurements showed that the hysteresis loss at -195° 


field parallel to [100]. in this case is zero; an appreciable loss begins to ap- 
pear only at -190°, then 


on 290 increases rapidly, attain- 
5 “ ing a maximum at about 
Wy pa -170°. Finally it falls 
8 Og 7, enn iokceae Bd be 22 Cs to zero at -160°. The 
OF A, variation of the hystere- 
pe sis loss in the indicated 
Z B iso temperature range is shown 
A ‘90 in Fig. 4. 
eS © Obviously, with in- 
-10 on creasing temperature the 
Ss , field causes an increasing: 
205 a 0 Pe ct” prove; HD ~/90 “ii £ °C ly large displacement of 


the walls between the mo- 
Fig.3. Torque curve for the Fig.4. Temperature vari- saic domains and the hys- 
(001) plane recorded at -175° ation of the hysteresis teresis loss increases; 


in a 9000 oersted rotating loss Q for a magnetite this explains the maximum 
field for a crystal cooled specimen cooled in a at -170°. The proposed 
to -195° in a field parallel magnetic field parallel model can also help ex- 
to the [110] direction. to the [110] axis. Both 

Angle @ measured from an cooling and measurement 

edge of the cube. carried out in a 9000 


oersted field. 
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plain why the hysteresis loss always falls off in the -170 to -160° interval, 
going to zero at -160°. The reverse orthorhombic-»cubic transition begins at 
temperatures just above -170°. In the case of magnetite we are probably dealing 
not with a transition foint but with a transition region extending over about 
10°, Thus, viewing our torque curves we can follow how with increase in tempera- 
ture the. volume of the crystal going over into the cubic modification increases. 
This is evinced by the decrease of the torque and alteration of the period of 

the torque curves until at -160° the torque curves acquire the appearance charac- 
teristic of the cubic modification. 

To explain the origin of the hysteresis loss in rotating fields in a magnet- 
ite crystal cooled through the transition point in the absence of a magnetic 
field we must bear in mind the equally probable [100], [010] and [001] orienta- 
tions of the c axes in this case. In such a crystal there can obviously be also 
displacements of the walls between the mosaic domains. In this case there is 
also observed an increase of the hysteresis loss with increasing temperature 
with a maximum at about -170°. The field dependence of this maximum can be ex- 
plained from the standpoint of the wall displacement mechanism inasmuch as a 
stronger field is capable of producing a greater wall displacement. 

The presence of hysteresis at -195° in the 
case of a crystal cooled in the absence of a 
magnetic field is explained by the peculiar 
processes occurring in the regions of the crys- 
tal wherein the c axis is oriented perpendicular 
to the plane of rotation of the measurement field. 

7 -140 -120 ale -80 -60 -40 20 0 20 In addition to investigating the hysteresis 
°C effect in the low temperature modification of 
Fig.5. Temperature dependence magnetite, we studied the temperature dependence 
of the anisotropy constant of and the anisotropy constant of the cubic phase 
the cubic phase of magnetite. in the range from +20 to -160° by the torque 
measurement procedure. The results are shown 
in Fig.5. The measurements indicate that the anisotropy constant changes sign, 
going through zero at -1439. This is in agreement with the results Bickford 
obtained in investigating ferromagnetic resonance absorption. 

I wish to thank N.L.Briukhatov for suggesting the subject and guidance in 

the work. 
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Moscow Institute of Railway Transport Engineers 


References 


1. C.H.Li, Phys.Rev., 40, 1002 (1932). 

2. N.L.Briukhatov, Abstracts of reports presented at the Sverdlovsk 1951 
conference on magnetism. 

3. H.J. Williams, R.M.Bozorth & M.Goertz, Phys.Rev.M., 91, 1107 (1953). 

4. N.L.Briukhatov, Izv.AN SSSR, Ser.fiz., 21, 1268 (1957). (Trans.Bulletin 
meno.) 1257.) 

5. L.R.Bickford, Phys.Rev., 78, 449 (1950). 

6. B.A.Calhoun, Phys.Rev., 94, 1577 (1954). 


- 1198 - 


NATURE OF THE EFFECT OF THERMOMAGNETIC TREATMENT 
IN MAGNETICALLY SOFT FERROMAGNETS 
- A.A.Glazer & Ia.S.Shur 


Introduction 


It is a matter of common knowledge that in some ferromagnetic materials 
cooling in the presence of an external magnetic field (thermomagnetic treatment 
- hereinafter TMT) leads to uniaxial magnetic anisotropy. 1 The physical nature 
of this effect is still unclear. 

The available experimental data would appear to indicate that TMT is ef- 
fective primarily when applied to alloys that are ordering solid solutions; ac- 
cordingly, attempts have been made to relate the TMT mechanism with ordering pro- 
cesses. It was hypothesized that the magnetic field exerts an orienting influ- 
ence on these processes, thus bringing about the uniaxial magnetic structure. 2:3 
Née14 suggested that, aside from the direct connection between the TMT effect 
and ordering processes, there must exist an "oriented superstructure” due to 
dipole-dipole atomic interaction within each domain in ferromagnetic solid solu- 
tions below the Curie point. The axis of this "Superstructure" in the domain is 
aligned with the magnetization vector I[,. At high temperatures, in the presence 
of a magnetic field, the magnetization vector and, consequently, the superstruc- 
ture axes align themselves in the direction of the field. In the process of 
cooling this structure is "frozen", resulting in the observed "magnetic uniaxi- 
ability? 

It must be noted, however, that at present we have no convincing experiment- 
al data indicating that there is a direct relation or connection between the TMT 
effect and ordering processes. 

The present work was done to determine whether such a connection exists. 

To this end we a) determined the temperature range in which TMT can be effective, 
b) investigated the influence of TMT on the temperature dependence of saturation 
magnetization and c) studied the kinetics of TMT of ordered and disordered alloys 
as well as the kinetics of ordering in alloys previously subjected to TMT. 


1. Samples and measurement procedure 


The measurements were carried out on the following ordering ferromagnetic 
alloys: Permalloy with 78 and 66% Ni and Perminvar having the composition 34% Ni, 
34% Fe, 29% Co and 3% Mo. The samples were in the form of strips 60 x 4 x 0.2 m, 

To evaluate the effectiveness of TMI, we measured the saturation magneto- 
striction X, and the coercive force H,, which serve as indications of magnetic 
structure. The ordering was realized by prolonged (up to 100 hours) annealing 
at a temperature somewhat below the critical ordering temperature T,. We judged 
of the degree of ordering from its influence on the saturation magnetostriction 
Ns, the coercive force H, and the saturation magnetization Is. The coercive 
force and the temperature dependence of I, were measured on a vertical astatic 
magnetometer. The saturation magnetostriction was determined by means of an ap- 
paratus operating on the optical lever principle. 


2. Temperature range in which thermomagnetic treatment is effective 
The first stage of our work was devoted to determining the temperature range 


in which TMT is effective. We deemed it expedient to determine whether this 
temperature interval overlaps with that in which ordering occurs or whether TMT 
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can also be effective above the critical ordering temperature T,. Obviously, if 
long-range order plays an important role in the mechanism of TMT, the treatment 
must be effective only at temperature below T,. 

Sometime ago Bozorth & Dillinger® detentinéa the interval in which TMT is 
effective in the case of 66 Permalloy. According to their data, TMT is most ef- 
fective in the 500 to 400° range, i.e., at temperatures at which ordering occurs. 
In these experiments, however, the samples were cooled in a magnetic field only 
down to 400-500°, further cooling being carried out in zero field. Hence the 
upper bound of the effective temperature range could have been an underestimate 
owing to the fact that in this case the magnetic structure formed at the high 
temperature could conceivably break down during the latter part of the cooling 
in the absence of a field. In order to avoid this source of error, we employed 
the following procedure. The samples, which had been annealed beforehand for 3 
hours at 1100° were reheated to 700°, i.e., above the Curie point, then cooled 
at the rate of 200° per hour. Individual samples were quenched from temperatures 
in the range from 700 to 400°. Then the He and A, of the different samples were 
measured; this gave us the variation of H, and Xu, With the quenching temperature 
T. Further, the same samples were reannealed for 3 hours at 1100°, which re- 
stored their initial properties. Next the samples were again cooled from 700° 
at the rate of 200° per hour to the same quenching temperatures, but in this case 
in a 50 oersted external field. Again the values of H, and }, were measured. 

The results obtained were subtracted from the previous values (zero field cool- 
ing). The differences AH, and M, obviously characterize the change in magnetic 
properties due only to the presence of the magnetic field during the cooling from 
700° to T. The values of AHe and M, obtained in this manner are listed in the 
accompanying table. 


Changes in the coercive force and saturation magnetostriction as a result of TMT 


Perminvar 66 Permalloy 78 Permalloy 
BgOE AH , Oe Ar +108 AML Ogee) ANTICS AH ,Oe Ax +108 
Cc § Cc $s Cc $s 
600 Oda 4,5 — — — — 
570 0,25 8,0 0,03 2,3 0,00 0,3 
540 0,40 9,5 0,14 4,2 0,04 0,1 
510 0/50 915 0:43 8/8 0/07 015 
480 0,50 9,95 0,14 107 0,08 ORT 
450 0,49 9,9 0,16 41,9 0,08 £30 
20 0,48 10,0 0,28 9,7 0,09 15 


T - temperature to which the samples were cooled from 700° without and 
with an external field and from which they were quenched. 


It will be seen from the table that in the case of 78 Permalloy decrease of 
Ho and X, due to the presence of a magnetic field during cooling is already evi- 
dent at 5409. The major change in Hg occurs in the 540 to 500° interval, i.e., 
above the critical ordering temperature for this alloy (T, = 490°). The satura- 
tion magnetostriction continues to decrease even at lower temperatures. This 
indicates that the formation of uniaxial anisotropy incident to TMT occurs at 
lower temperatures as well. It follows from these results that TMT is effective 
not only below but also above T,. This deduction is substantiated by the data 
obtained for 66 Permalloy inwhich appreciable changes in He and X, also occur 
,above T, (480°). In Perminvar the major changes in H, and Ag» i-e., the forma- 
tion of magnetic structure, occur at temperatures in the 600-525° interval. In 
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the case of Perminvar, cooling below T, (525°) does not lead to any further modi- 
fication of its properties. : 

Our experimental results indicate that TMT can be carried out above the 
critical ordering temperature and thats consequently, ordering per se cannot play 
any significant role in the TMT mechanism. 


3. Influence of thermomagnetic treatment on the temperature dependence 
of the saturation magnetization 


It has been reported® that in alloys of the Permalloy type ordering affects 
the saturation magnetization and the Curie point. In view of this we felt it 
would be of interest to compare the temperature dependence of the saturation mag- 
netization I, of a sample subjected to TMT with the temperature dependences of 
Ig of ordered and disordered samples, for if ordering processes play a signifi- 
cant role in TMT, the I, vs T curve for a specimen subjected to TMT should be 
close to the curve for an ordered specimen. 

The results of our measurements of the temperature dependence of I, for 
samples of 78 and 66 Permalloy and Perminvar are shown in Figs.1l1 & 2. Fig.1 shows 
the temperature variation of the saturation magnetization I, during heating of 
the samples from room temperature to 700° (above the Curie point) and the subse- 
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Fig.1. Temperature variation of the saturation magnetization Is: a) 78 Permalloy, 
b) 66 Permalloy and c) Perminvar; © - heating, X - cooling. All samples initial- 
ly in the ordered state. 

Fig.2. Same as Fig.l but for samples subjected to TMT beforehand. 
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quent cooling to room temperature. In the initial state these samples had the 
ordered structure obtained by holding for 100 hours at 480°, Heating for 30 min. 
at 700° (i.e., above Ta) leads to complete disordering. Hence the lower curve 
in each case - the cooling curve - pertains to the specimen in the disordered 
state, since no ordering could occur during the brief cooling interval. It will 
be seen from Fig.1 that the heating curves (ordered state) consistently lie 
above the cooling curves (disordered state) and that the separation between them 
is greater at higher temperatures. It follows therefore that the alloys under 
study have higher value of I, and Curie point in the ordered state than in the 
disordered state. This result is in agreement with the data of Wakelin & Yates. © 
Fig.2 shows the temperature dependences of I, for similar samples but sub- 
jected to preliminary TMT and hence possessing magnetic structure. Obviously, 
in each case the heating curve pertains to the specimen in the state resulting 
from TMT. This state persists to the Curie temperature. After holding for about 
30 min at 700°, the magnetic texture is "resorbed" and, consequently, the cool- 
ing curve pertains to the disordered specimen devoid of magnetic texture. It 
will be evident from Fig.2 that the heating and cooling curves virtually coincide. 
This shows that after TMT the alloys under study have the same I, (and Curie point) 
as the material in the disordered state. This means that even if some change in 
the crystal structure does occur during TMT, only a minor fraction of the atoms 
are involved. Furthermore, these results disprove Kaya's hypothesis according to 
which 50% of the volume of 78 Permalloy specimens is in the ordered state with an 
enhanced saturation magnetization after TMT. 


4, Thermomagnetic treatment of ordered alloys 


In order to determine the influence of superstructure on the course of pro- 
cesses involved in TMT, we subjected samples of 78 Permalloy, 66 Permalloy and 
Perminvar in the ordered state to TMT. In each case, in order to conserve the 
ordered structure, the treatment was carried out at temperatures below the 
critical ordering temperature T,- For purposes of comparison, identical samples 
in the disordered state were subjected to the same TMT. 

The experimental procedure was the following. Samples of the investigated 
alloys, brought to the disordered or ordered state by appropriate heat treatment 
beforehand, were heated at 450° (below T,) in an external 50 oersted field. At 
successive intervals samples were quenched and H, and AX, were measured at room 
temperature. After measurement the samples were again heated in the magnetic 
field to 450° and the TMT continued. Thus we obtained the variation of H, and 
Ng as a function of the annealing time T at 450° in a magnetic field. 

Fig.3 shows the dependences obtained for Perminvar. It will be seen that 
the values of Ho and AX, decrease with increasing annealing time for both the 
ordered and disordered samples. In every case after a certain annealing time 
both H, and X, approach a constant value. Thus H, of the quenched (disordered) 
alloy (curve 2) levels off after only 30 min, while H, of the ordered alloy 
(curve 1) continues to decrease even after 3 hours annealing. It was established 
in further experiments that H, of the ordered sample attains a constant value 
only after seven hours heating in a magnetic field; after this period curves l 
& 2 coincide. An analogous effect is observed for X,, which in the disordered 
alloy (curve 4) decreases more rapidly than in the ordered one (curve 3). It 
may be noted that in the case of both ordered and disordered samples longer an- 
nealing times are required to bring X\, (as compared with Hc) to a constant 
value. 

The corresponding data for 78 and 66 Permalloy samples also indicate that 
the processes induced by TMT go to completion within a shorter annealing period 
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in disordered alloys. It follows therefore 
that the ordered arrangement of atoms in- 
hibits the TMT process. Apparently during 
TMT there occurs redistribution of the atoms 
in the crystal lattice, i.e., a new crystal 
structure forms. This redistribution is 
hindered in the ordered alloy inasmuch as 
in it most of the atoms are in energy minima. 
It is possible that only a small fraction of 
the atoms, namely, the atoms in excess of 
the stoichiometric composition, participate 
in the formation of the crystal structure 
responsible for the uniaxial anisotropy. 
This inference is supported by the following 
Mi] experimental fact. In ordered 78 Permalloy, 
eed 120 160 in which almost all the atoms are located at 
regular sites (inasmuch as the composition 
Fig.3. Variation of the coercive of this alloy is close to Nis3Fe), processes 
force He (solid line) and the caused by TMT proceed very slowly and even 
saturation magnetostriction ) after 15 hours annealing at 450° in a mag- 
(dashed line) of ordered (1 & 3) netic field the properties of a 78 Permalloy 
and disordered (2 & 4) samples of sample were inferior to those of a quenched 
Perminvar with the annealing time sample subjected to similar TMT. In ordered 
t at 450° in a 50 oersted magnet- 66 Permalloy (somewhat further removed from 
ic field. Ni.Fe) and in Perminvar (composition far 
from stoichiometry) the processes induced 
by TMI occur much more rapidly and go to completion. 


5. Ordering of alloys previously subjected to TMT 


As was noted above, TMT is apparently accompanied by a redistribution of 
atoms in the alloy leading to a new and different crystal structure. This struc- 
ture might reasonably be expected to affect the process of ordering of the alloy. 
To check this inference, we carried out ordering (annealing at 450°) of quenched 
samples of all the above enumerated alloys and also of samples subjected to TMT. 
For all the samples we determined the variation of Hc and Ag as a function of 
the annealing time at 450°, One can judge of the degree of ordering from the 
variation of Ho inasmuch as the value of H, increases with ordering. Increase 
of X, serves as an indication of breakdown of the magnetic structure inasmuch 
as in Perminvar the values of X\, are close in the ordered and disordered states. 
The results obtained for the Perminvar samples are shown in Fig.4. Curves 1 
& 3 pertain to quenched samples; curves 2 & 4 to samples previously subjected 
to TMT (magnetically uniaxial structure). 

It will be evident from the figure that with increasing annealing time, H, 
of quenched samples increases to an appreciably greater extent than H, of samples 
subjected to previous TMT. The saturation magnetostriction of quenched Perminvar 
samples has a high value and increases very little with annealing time at 450°, 
In contrast Ng in the sample previously subjected to TMT increases appreciably 
and the growth of X, continues over the entire 100 hour interval. It follows 
from curve 1 that in ordinary disordered samples, ordering develops rapidly and 
results in a rapid increase of Ho» whereas in samples subjected to TMT ordering 
occurs slowly and hence H, increases at a low rate. The gradual increase of X, 
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in samples previously subjected to TMT (curve 
4) indicates slow disintegration of the 
crystal structure responsible for the mag- 
netic uniaxiality. 

Thus we established that ordering in 

samples subjected to TMT occurred more slow- 
ly than in ordinary disordered samples. 
This indicates that TMT gives rise to a dis- 
tinctive crystal structure, transition from 
which to the ordered state is more difficult 
than from the normal disordered state. 


a 
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Conclusions 
Fig.4. Variation of the coercive 
force H, (solid line) and satura- The following conclusions may be drawn 
tion magnetostriction X\, (dashed on the basis of our experimental results. 
lines) of disordered (1 & 3) and 1. Long-range order does not play any 
thermomagnetically treated (2 & Significant part in the mechanism of thermo- 
4) samples of Perminvar with the magnetic treatment (TMT). This follows from 
annealing time t at 450°. the fact that TMT is effective not only be- 


low but also above the critical ordering 
temperature and from the fact that after TMT the saturation magnetization remains 
virtually the same as in the disordered state. 

2. The state obtained as a result of TMT is not the ordinary disordered 
state characterized by a random arrangement of the atoms, for the kinetics of 
ordering in samples in the disordered state and those previously subjected to 
TMT are different. 

3. The state forming as a result of TMT differs from both the ordinary or- 
dered and the normal disordered state and is probably a distinctive structural 
state, in the formation of which only a comparatively small number of atoms is 
involved. Inasmuch as this state breaks down incident to ordering, a process 
in which electrostatic forces are involved, it may be inferred that the given 
structure is created under the influence of magnetic forces. A structure of 
this form was theoretically predicted by Néel.4 


Institute of Metal Physics, 
Academy of Sciences of the USSR 
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INVESTIGATION OF THE KINETICS OF MAGNETIC DOMAIN-ORIENTATION IN 65% PERMALLOY 
- Sh. I.Zusman 


The shape of the hysteresis loop and other magnetic properties of iron- 
-nickel alloys of the Permalloy type are greatly dependent on the previous heat 
treatment of the material. It is known! , for example, that after prolonged low- 
temperature annealing, the hysteresis loops of these alloys acquire a character- 
istic "necked in” shape.* Rapid cooling from a temperature above the Curie point 
(600-700°) leads to the appearance of ordinary 'undistorted" hysteresis loops. 
Finally, as a result of low-temperature heat treatment in a magnetic field (ther- 
momagnetic treatment) , the hysteresis loops become rectangular. 

These attributes are not peculiar to Permalloy but are common to a number of 
other similar alloys. Analysis of the data in the literature shows that alloys 
exhibiting deformed, "necked in” hysteresis loops are at the same time alloys 
particularly sensitive to thermomagnetic treatment. This gives reason to assume 
that the processes giving rise to the rectangular loops and the processes respons- 
ible for the deformed hysteresis loops are related. Yet until recently, the 
factors responsible for the appearance of the rectangular and deformed loops have 
been interpreted from different standpoints. 

It has been established experimentally that the effect of thermomagnetic 
treatment is connected with the appearance of a certain stable magnetic structure, 
namely, preferred orientation of the domains in the direction of the external 
field applied during the heat treatment.2 On the other hand, the appearance of 
the deformed hysteresis loops has usually been regarded as a result of interac- 
tion between two alloy phases with distinctly different magnetic properties. 3 
The phase heterogeneity of the alloy, in turn, was associated with ordering pro- 
cesses. In the framework of the theory developed in recent years by Néel° and 
independently by Taniguchi & Yamamoto®, the development of the magnetic structure 
responsible for the rectangular loops is explained by ordered oriented distribu- 
tion of the atoms in the alloy lattice. Recently, Yamamoto, Taniguchi & Aoyagi? 
succeeded in explaining some of the features of deformed hysteresis loops in the 
framework of the directed ordering theory. 

In the present work we investigated the variation in the magnetic properties 
of 65 Permalloy in the process of low-temperature heat treatment. The research 
was undertaken for the purpose of establishing the possible connection between 
the processes responsible for the appearance of rectangular and deformed, "necked 
in” hysteresis loops. Most of the measurements were made by the oscillographic 
technique. 


1. Experimental Procedure and Samples 


The measurement apparatus has been described earlier® and does not differ 
in principle from similar set-ups used by other investigators. 9,10 An indication 
of the accuracy of the set-up is furnished by the oscillogram of the dynamic 
hysteresis loop of a nickel-zinc ferrite sample reproduced in Fig.1 upon which 
we have marked the experimental points on the initial magnetization curve and 
hysteresis loop obtained by the conventional ballistic procedure. 

The measurements were carried out on toroidal ribbon cores: ribbon thickness 
- 0.05 mm, ribbon width - 10 mm; inside diameter of toroid - 20 mm, outside dia- 
meter of toroid - 22-23 mm. Prior to forming the toroids, the ribbon was coated 

*This unusual "necked in" hysteresis loop is one of the manifestations of 
the "Perminvar'’ properties of these alloys. 
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with an insulating layer of magnesium 
oxide. 

The samples were subjected to two 
different preliminary heat treatments: 
a) slow cooling treatment: heating in 
vacuum to T1007. holding at this tempera- 
ture for 3 hours, followed by cooling at 
the rate of 100° per hour to 200°; 
b) quenching treatment: the samples, after 
being subjected to the above slow cooling 
treatment, were sealed under vacuum in 


Fig.l. Dynamic hysteresis loop of quartz tubes; the tubes containing the 
Ni-Zn ferrite; crosses - points ob- samples were then held for 30 min at 650° 
tained by the conventional ballistic and quenched in water. 

procedure. After heat treatment the samples were 


placed in individual porcelain forms upon 
which the magnetizing and measuring windings of wire with heat resistant insula- 
tion were wound. 

Measurements were carried out in a quartz vacuum furnace; the thermocouple 
and instrument leads were brought into the furnace through appropriate picein 
plugs. The hot junction of the thermocouple was in direct contact with the 
sample. The instrument leads were connected either to the oscillograph (usually) 
or to a conventional ballistic set-up. All the measurements were carried out at 
the maximum - 1 oersted - strength of the magnetizing field. Prior to each series 
of measurements, the sample was demagnetized in a diminishing alternating field. 


2. Measurement Results 
Heating above the Curie point. Fig.2 shows a series of oscillograms obtain- 


ed during heating one of the samples to a temperature above the Curie point. 
This sample had been subjected to the slow cooling treatment. 


400° ~ BOOO 


Fig.2. Dynamic hysteresis loops obtained for a sample of 65 Permalloy at differ- 
ent temperatures in the process of heating. Sample subjected to slow cooling 
treatment beforehand. 


‘In the process of heating the sample was held at each of the indicated tem- 
peratures for 30 min and then connected to the oscillograph. During the period 
of measurement the sample was exposed to the influence of the magnetic field for 
10-15 sec. 


- 1206 - 


As may be seen in Fig.2, in the initial state, after high temperature anneal- 
ing, the hysteresis loop has the "necked in" shape. With increasing temperature 
there is a monotonic decrease of the coercive force and maximum inductance. The 
initial hysteresis loop undergoes little change in shape up to about 500°. In 
this temperature region, a characteristic "step' appears on the back of the hys- 
teresis loop: the coercive force increases appreciably. With approach to the 
Curie point, the loop gradually narrows and flattens and in the immediate vicini- 
ty of the Curie point assumes the normal shape. The "step" on the back of the 
loop was observed up to about 580°, i.e., at temperatures appreciably above the 
ordering range (the Kurnakov point for this alloy lies below 500°). 

The Curie point of this alloy is situated between 600 and 605°. 


3. Realization of Rectangular Hysteresis Loop in Slowly Cooled Samples 


5 sec 10 min aly jabey, 
Fig.3. Genesis and development of Scoranenien hysteresis loop in a sample of slow- 


ly cooled 65 Permalloy at 515°. 


The oscillograms reproduced in Fig.3 illustrate the genesis of a rectangular 
loop in a slowly cooled sample of 65 Permalloy at 515°. The sample was held at 
this temperature for 30 min before being connected to the measurement set-up. The 
current through the magnetizing winding was such that the peak value of the alter- 
nating field was 1 oersted. As may be seen from the successive oscillograms, the 
initial "stepped" hysteresis loop gradually changes shape under the influence of 
the magnetic field and becomes rectangular.* The principal alteration of the loop 
occurs during the first 10 min. Further exposure to the magnetic field leads only 
to some improvement of the rectangularity. With increasing heat treatment tem- 
perature, the establishment of the rectangular hysteresis loop proceeds more in- 
tensely, as will be evident from the oscillograms reproduced in Fig.4; at 550° 
the gaa GR loop is formed within 1.5-2 min after application of the magnetic 
field. 


*A certain asymmetry of the deformed hysteresis loops is evident. We ob- 
served similar asymmetry in the case of the loops of other alloys; in some cases 
it was appreciably more pronounced and persisted to room temperatures. A care- 
ful check by the ballistic technique at room temperature showed that this asym- 


metry of the loops is not due to distortions introduced by the eh abel 
procedure. 


**A noticeable increase in the dynamic coercive force with time in the magnet- 
ic field, evinced in the oscillograms of Figs.3,4 & 6, is a purely dynamic effect. 
This was substantiated by ballistic measurements. This increase is, apparently, 
due to growth of the eddy-current loss occurring in consequence of enhanced rect- 
angularity of the hysteresis loops. 
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5 sec 1.5 min 


& min 5 min 


Fig.4. Genesis and development of rectangular hysteresis loop in a sample of slow- 
ly cooled 65 Permalloy at 550°. 


10 hrs Gg ie Veber 


Fig.5. Variation of the hysteresis loops in quenched samples of 65 Permalloy in 
the course of heating in zero field at different temperatures: a - 380°, b - 
400°, c - 440°, d - 500°. 


4. Realization of Deformed and Rectangular Hysteresis Loops in Quenched Samples 


In this series of experiments two identical quenched samples were placed in 
a preheated furnace which was then rapidly brought to the desired temperature. 
The measurements were made at 380, 400, 440 and 500°. When the desired tempera- 
ture was attained, a direct current producing a 1 oersted field was sent through 
the windings surrounding one of the samples; the other sample was in zero field. 
The field measurements were made at appropriate intervals. The formation of the 
"necked in" loops was studied by the oscillographic procedure; in the case of 
the rectangular loops, in addition to the oscillographic technique, we used the 
ballistic procedure for determining the remanence. In other respects the measure- 
ment procedure was essentially as described above; in both cases the measurement 
time did not exceed 10 sec. The results are shown in Figs.5,6 & 7. It will be 
evident from the figures that the processes responsible for formation of rectangu- 
lar and deformed hysteresis loops occur in approximately the same temperature re- 
gion. 
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0 2 4 6 8 Ghrs. 


Fig.7. Variation of the rectangularity 
of the hysteresis loop (B,/B,) with the 
heating time T in a magnetic field at 
different temperatures for quenched 65 
Permalloy samples: 1 - 380°, 2 - 400°, 
3 - 440°, 4 - 500°. 


The lower bound of this tempera- 
ture region lies between 380 and 400°. 
At this lower bound the processes occur- 
ring in the alloy proceed very slowly; 
at 400° a noticeable change in the 
shape in the hysteresis loop is ob- 
served only after heating for 5 to 10 


2? min hours. At 440° a heating period of 
Fig.6. Genesis of rectangular and de- 2-3 hours is required to obtain well 
formed hysteresis loops in quenched defined rectangular or deformed loops. 
65 Permalloy samples in the course of With increasing temperature the tempo 
heating at 500°: 1 - 2 min, 2 - 15 min, of the processes increases. 
3 - 30 min. Left - 1 oersted field; As will be evident from the series 
right - zero field. of oscillograms reproduced in Fig.6 the 


processes leading to formation of rect- 
angular and deformed hysteresis loops proceed at approximately the same rate: both 
go to completion within 15-30 min. 


Discussion 


1. As noted above, usually the appearance of deformed, "necked in" hysteresis 
loops is attributed to heterogeneity of the alloy which, in turn, is associated 
with phase differences in ordering. This hypothesis is negated by the fact that 
the deformed hysteresis loops persist up through temperatures appreciably higher 
than the ordering temperature. 

2. The results obtained in the present work, taken in conjunction with pre- 
viously known facts, make it possible to establish an analogy between the pro- 
cesses leading to the formation of rectangular hysteresis loops in samples pre- 
viously subjected to thermomagnetic treatment and the processes responsible for 
the formation of "necked in” hysteresis loops: a) as previously noted, alloys 
which exhibit deformed hysteresis loops are at the same time the most sensitive 
to thermomagnetic treatment; b) deformed hysteresis loops form in the same tem- 
perature range as rectangular loops, i.e., in the range in which thermomagnetic 
treatment is effective (in the case of 65 Permalloy the lower bound of this 
temperature range lies between 380 and 400°); c) the kinetics of formation of 
rectangular and deformed hysteresis loops would appear to be subject to the same 
regularities. With increasing temperature the formation of both rectangular and 
deformed loops proceeds at a faster rate. The time to formation of well defined 
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rectangular and deformed hysteresis loops is the same and equals 2-3 hours at 
440° and 15-30 min at 500° (in 65 Permalloy). 

3. In view of our results, it may be inferred that the formation of both de- 
formed and rectangular hysteresis loops is attributable to the same factor, name- 
ly, the formation of magnetic texture. Obviously, the type of texture in the two 
cases must be entirely different: the rectangular hysteresis loops, as is known, 
are due to preferred orientation of the domain magnetization in the direction of 
the field applied during the thermomagnetic treatment, whereas the deformed hys- 
teresis loops are presumably associated with a much more complicated distribution 
of the domain magnetizations. 

It is possible that the common factor responsible for the appearance of both 
deformed and rectangular hysteresis loops is oriented or directional ordering of 
the atoms in the alloy lattice.9,6 

4. Our results regarding the kinetics of formation of rectangular hysteresis 
loops in 65 Permalloy may prove helpful in determining the optimum thermomagnetic 
treatment conditions for this alloy. 

I desire to express my sincere gratitude to O.N.Al'tgauzen for his constant 
interest in the work and valuable suggestions in the course of discussions. 
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SYNTHESIS AND MAGNETIC PROPERTIES OF FERRITES WITH A RECTANGULAR HYSTERESIS LOOP 
- L. I. Rabkin, S.A.Soskin & B.Sh.Epshtein 


Introduction 


Ferrites with a rectangular hysteresis loop constitute one of the most prom- 
ising groups of nonmetallic ferromagnets for applications in computer engineer- 
ing, automatic telephony and allied fields. Such ferrites must have a high resi- 
dual induction B,/By » a low dynamic coercive force in pulse fields, a short mag- 
netization reversal time, and time and temperature stable characteristics. 

A high value of By/Bm > after appropriate treatment, is characteristic of many 
ferrites: manganese monoferrite, cobalt-manganese and cobalt-manganesium bifer- 
rites and a number of polyferrites. A high value of relative remanence in con- 
junction with a low dynamic coercive force can be obtained in ferrites synthesized 
of the oxides of iron, manganese and magnesium. 

Aside from the chemical composition, the magnetic properties of ferrites are 
influenced by the presence as well as the shape, size and distribution of pores 
and other inclusions. These factors are in turn dependent on the conditions of 
preparation of the initial mixture and of synthesis. 


1. Physical-chemical influence of the medium on highly dispersed materials 


The process of preparation of ferrites comprises two principal stages: the 
first stage is the preparation of a homogeneous mixture with the requisite pro- 
portion of the different oxides; the second is sintering. The requisite homogen- 
eity of the mixture and high activity of the oxides are realized by chemical, 
thermal or mechanical procedures. 

In the commonly employed precipitation procedure, a mixture of the appro- 
priate water soluble salts in the proper proportionsis precipitated with suitable 
reagents: ammonium carbonate or oxalate, ammonia or alkalis. The precipitate is 
then washed with water to the requisite degree of purity. 

In the precipitation techniques employed in practice the components are all 
subjected to the action water, the influence of which on such finely dispersed 
substances has scarcely been investigated; that is, it has been tacitly assumed 
that the aqueous medium is inert as regards the finely divided powders in the 
same way as for the bulk material. In the finely dispersed state, i.e., in the 
case of quasicolloidal particles, the large specific surface cannot but affect 
the chemical and physical properties of the substance. Under these conditions 
a medium that is inert under ordinary circumstances may become active. In parti- 
cular the solubility of the material is altered?, which in the case of a mixture 
of several oxides makes it difficult to obtain exactly the specified composition 
in employing the precipitation technique. 

Specifically, in the system of interest to us, namely, Fe,0,-Mg0-MnO, differ- 
ent quantities of the various oxides are dissolved and carried off with the solu- 
tion; moreover, some of the oxides may evince binding properties. Thus, for ex- 
ample, magnesium oxide and calcium hydroxide, which is sometimes introduced into 
the ferrite mixture, form chains of the OH-Mg-O-(Mg0),-Mg-OH type in water. 

Intertwined, strongly hydrated chains of this type form structures character- 
istic of binding substances (cements). Particles of the other oxides are envelop- 
ed by such chains, forming stable aggregates. This is evinced in the form of 
structural viscosity and hampers and counteracts defloccation. Strong hydration 
of the individual oxides hinders removal of the water and has deleterious effects 
on the properties of the resultant ferrite. 3 
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It is known that in many cases wet grinding makes it possible to obtain 
finer particles than dry grinding* and results in better mixing. In view of 
these advantages of wet grinding, it would appear expedient to realize it in 
a liquid medium free of the shortcomings of water. Such a medium may be a non- 
polar liquid that does not dissolve the ferrite raw materials or cause solvation 
of the oxide particle. Suitable nonpolar liquids are benzene, toluene, gasoline, 
kerosene and the like. 

In the course of preparation, ferrite materials are subjected to the influ- 
ence not only of a liquid but also of a gaseous medium, specifically the sinter- 
ing medium. Many investigators? »6 have called attention to the influence of the 
sintering medium on the properties of the resultant ferrite. As far as we know, 
there has been no investigation of the influence of the sintering medium on the 
properties of magnesium-manganese ferrites. 

Hence to elucidate the influence of the sintering medium, we undertook a 
series of experiments involving sintering in different media: air, argon, nitro- 
gen and carbon dioxide. In synthesizing the ferrites we used both quenching 
from a high temperature and slow cooling. Quenching has a favorable influence 
on the properties of magnesium-manganese ferrites. There is reason to assume 
that this is due either to prevention of oxidation of the manganese or to "freez- 
ing” of the ferrite structure in a metastable state. A further purpose of the 
present research was to determine the influence of these factors. 


2. Experimental Work 
A. Preparation of specimens 


The specimens were prepared in the following manner. Mixtures of iron, mag- 
nesium and calcium oxide and manganese carbonate were ground in a ball mill for 
20 hours either in water or a nonpolar liquid. Then after removal of the liquid, 
the mixture was briquetted and roasted at 950°. The sintered pellets were ground 
in a ball mill and the powder compressed to form toroidal cores. By way of bind- 
er we used polyvinyl alcohol. The cores were sintered at 1350° in air followed 
by rapid cooling in a stream of inert gas. 


B. Measurements procedure 


The magnetic parameters were determined from 
the dynamic magnetization reversal loops recorded 
by means of an electron-beam ferrometer in a sinu- 
soidal field of a frequency of 30 kc. This fre- 
quency was chosen because it characterizes the 
properties of ferromagnets under the pulse opera- 
tion conditions obtaining in many modern automatic 
circuits. 

The magnetization reversal time was measured 
with pulses of 4 microsec duration and a rise time 
of 0.02 microsec. The measurement circuit employ- 
ing a thyratron generator is diagrammed in Fig.l. 
Pulses of opposite polarity are applied in sequence 
to the two primary windings on the core. The ampli- 
Fig.l. Circuit for measuring tude of the pulses of one polarity is maintained 
the magnetization reversal constant, while the amplitude of the other pulses 
time tT of toroidal cores. can be varied from 1 amp to a maximum value 


(Ipulse) - 


=~ 2212 = 


The output signal, characterizing the voltage in the secondary winding, is 
observed on the screen of the synchroscope. (The synchroscope amplifier is by- 
passed in this case.) The magnetic polarity reversal time tT is determined as 
the duration of the output signal corresponding to the jump of the field strength 
from zero to the maximum value. For each field intensity a reading was also made 
at the 0.1 level of the peak value of the output signal. 


C. Influence of the dispersing medium 


In order to investigate the influence of the dispersing medium on the magnet- 
ic properties of magnesium-manganese ferrites,we compared samples having the same 
composition but prepared by precipitation, by grinding of the oxides in water and 
by grinding of the oxides in a nonpolar liquid (specifically, gasoline). In the 
last two cases the manganese was used in the form of its carbonate. The average 
parameters obtained for specimens of the three types are listed in Table l. 


Table 1 
Magnetic properties of magnesium-manganese ferrites prepared 
by different procedures 


. Vie ’, Le eters at 
Composition, mole “% fe o0n i ae de reek eGo 
Method 
of 
preparation Fe,0, | MnO} MgO | znO | Cad | Bm Gs By / By He, Ce 
Precipitation 2600 0,86 0,85 
nore ae 39.| 44 | 5:3] 12,31 2.4 -1..2200 0,86 1,6 
Grinding in es 
gasoline 2800 0,87 0,77 


It will be evident from the table that these ferrites are characterized by 
almost the same rectangularity of the loop but differ as regards value of the in- 
duction and coercive force at Hm = 2 oersted. 

The advantages of preparing ferrites from the oxides by grinding in gasoline 
over the precipitation procedure become clearer if we compare the magnetic para- 
meters of a large number of samples prepared by each of these procedures. It 
will be evident from the curves of Fig.2 that the best properties and the minimum 
scatter of magnetic parameters are exhibited by ferrites prepared by the method 
of grinding in a nonpolar liquid. 


D. Influence of the sintering atmosphere and cooling rate 


The influence of oxidation of the manganese and persistence of the metastable 
state structure on the magnetic properties of magnesium-manganese ferrites was 
investigated using samples subjected, after sintering, to rapid or slow cooling 
in air, in inert media (argon and nitrogen) and carbon dioxide. It was establish- 
ed that in the case of sintering Mg-Mn ferrites in an inert medium the cooling 
rate is relatively unimportant. This indicates that the redistribution of ions 
connected with the rate of cooling does not have an appreciable influence on the 
magnetic properties of the ferrites. Slow cooling in air, however, seriously im- 
pairs the magnetic properties (Table 2). 


2600 £600 


S000 By, 65 


Fig.2. Curves characterizing 
the statistical distribution 
of the magnetization reversal 
loop parameters of ferrite 
cores for which the initial 
oxide mixture was prepared by 
precipitation (solid curves) 
and by combined grinding of 
the oxides in a nonpolar 
liquid (dashed curves): a - 
relative remanence [A(B,/B,) = 
= 0.01], b - coercive force 
(AH, = 0.02 oersted), c - in- 
duction By, at H, = 2 oersted 
(4B = 100 gauss). Data based 
on measurements of 500 cores 
from 10 different batches. 


Curie point. 
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Table 2 
Magnetic properties of Mg-Mn ferrites sintered 
and cooled by different procedures 
(ferrite composition same as in Table 1) 
Magnetization reversal 


loop parameters; f = 9 Ke; 
Hm = 2 oersted 


By /Bm 


Conditions of synthesis 


and cooling Bee Ore H,, Oe 


— 


Heating in OO 
Slow cooling 2800 0,89 0,87 
Heating in air 
Rapid cooling in 

stream of (p> 2760 0,87 0,88 
Heating in air 
Rapid cooling 2650 0,85 0,87 
Heating in air 


Slow cooling 400 0.5 Onn 
(in furnace) p ; 


It follows that to obtain ferrites with 
good magnetic properties it is important to pro- 
tect the manganese from oxidation. This can be 
done by sintering in an inert medium or in air 
followed by rapid cooling. 


E. Influence of chemical composition on the 
magnetic properties of ferrites with a 
rectangular hysteresis loop 


For computer applications, particularly 
logic circuits, one must have magnetic cores 
with a rectangular hysteresis loop and possessing 
a low dynamic coercive force. Hence it has be- 
come necessary to find additives that reduce the 
coercive force without lowering the maximum and 
relative residual induction. It is known that 
in order to obtain ferrites with a low coercive 
force it is essential to strive for a maximum 
density of the material, which requires a high 
sintering temperature. Introduction of small 
amounts of Si0o (Ref.5) or CaO (Ref.8) tends to 
reduce the effective sintering temperature and 
increase the density of the ferrite. The coer- 
cive force can also be diminished by adding a 
certain amount of zinc oxide, which lowers the 


In order to determine the ferrite composition with optimum loop parameters 
we synthesized a series of samples with different proportions of components. 

Fig.3 shows the variation of By? B,/By and H, at Hy = 4 oersted with the 
ratio of ZnO to MgO in ferrites containing 40%* Feo03, 40% MnO and 2.5% Cad. 2 


*Al11 % here and below are mole percent. 
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It will be seen that with increase 
of zinc up to 14%, the coercive force 
decreases while the maximum induction 
increases. The optimum magnetic para- 
meters are obtained with 12% ZnO. Fur- 
ther increase of the ZnO content depres- 
ses B,, By/B,, and the Curie point. 

The variation of the same parameters 
as a function of the CaO to MgO ratio for 
ferrites containing 40% Feo903, 40% MnO 
and 12% ZnO is shown in Fig.4. It will 


145 136 95 55 15 OMg0,* » 
Fig.3. Variation of Bm (1), By/By (2), 


16 mee be seen that the introduction of a small 
amount of CaO (instead of MgO) reduces 

the coercive force. 
both Bm and B,/B, are also reduced to 


At the same time 


and He (3) with the ratio of ZnO to 


MgO in ferrites containing 40% Fe903, 


40% MnO and 2.5% CaO. 
Hm = 4 oersted. 
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Fig.4. Same as Fig.3 but as a func- 
tion of the ratio of CaO to MgO with 


12% ZnO: 1 - Bm, 2 - By/By, 3 - Ho. 
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some extent. 

Fig.5 shows the variation of B,, 
Br/Bm and H, at H, = 2 oersted as a func- 
tion of the compacting pressure of fer- 
rite cores containing 40% Fe90,, 40% MnO, 
12% ZnO, 5.5% MgO and 2.5% CaO. It will 
be seen that the maximum induction in- 
creases with increasing compacting pres- 
sure, but that the pressure has little 
effect on the remanence and coercive 
force. 


F. Principal parameters of ferrites 
with a rectangular hysteresis loop 


On the basis of the experimental re- 
sults outlined above there were develop- 
ed a number of types of ferrites with 
rectangular hysteresis loops; the princi- 
pal parameters of these ferrites are 
listed in Table 3. In working out 
the batching proportions we also 
took into account the composition 
of the ferrites developed under the 
supervision of Kosarev9. 

The magnetic properties of 
the ferrites under dynamic condi- 
tions were investigated by deter- 
mining the amplitude, frequency and 


6 8 
p, tons /cm 
Fig.5. Same as Fig.3 but for PP-24 ferrite 
cores as a function of the compacting 
pressure: 1 - By, 2 - By/B, and 3 - Ho: 


temperature characteristics. 

As the field amplitude charac- 
teristics for PP-2 ferrite (Fig.6) 
show, the relative remanence ex- 
hibits a maximum at a certain field 


strength; the coercive force increases with increasing field amplitude more 


rapidly than the maximum induction. 


In view of this it is expedient to utilize 


ferrites with a rectangular hysteresis loop in the range of relatively low field 


values wherein the relative remanence has a maximum value. 


The frequency charac- 
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Table 3 


Magnetic properties of some ferrites with a rectangular hysteresis loop 


en Rn een 


Magnetic 


parameters 


——— ant 


Type quasistatic conditions|dynamic conditions Max. workin 
j An = 10 oersted | ies ce. lees ot = 2£erst. panies rere 
— ae ae 
Bm, Gs | By/Bm H,, Oe * 
PP-1 (III-1) 2600 0,90 0,68 2500 0,89 5) +80 
Pp_2 (Iil-2) 2400 0,87 0,55 2300 0,86 0,9 +60 
Pp_24 (TITI-24)} 2900 0,89 0,38 2800 0,87 0,75 +60 
PP-4 (TIII-4) 2700 0,92 0,80 2590 0.92 1,65 +100 
PP-5 (IIII-5) 2600 0,91 0,9 2400 0,90 2,0 +106 


1500 


Fig.6. Variation of the magnetic 
parameters of PP-2 ferrite cores 
as a function of the field ampli- 
pudes le-sB 5) '2 (+ By/B, 3 — A: 


0 720 t, °C 


Fig.8. Variation of the magnetic 
parameters of PP-24 ferrite cores 
as a function of the temperature 
at f = 30 kc and Hy = 2 oersted: 


eR r20=-By/By, 3 °- H,- 
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Fig.7. Variation of the magnetic para- 
meters of PP-24 ferrite cores as a func- 
tion of the frequency at H, = 2 oersted: 
1 - Bn, 2 - B,/By, 3 - He- 


characteristics of PP-24 ferrite (Fig.7) 
show that B, and B,/B,, are characterized 
by a relatively weak frequency dependence 
in the range from 10 to 100 kc. 

The temperature characteristics of PP- 
24 ferrite in the range from -70 to +120° 
are shown in Fig.8. It will be seen that 
all three parameters decrease with increas- 
ing temperature. 

Fig.9 shows the variation of tT (the 
Magnetic polarity reversal time) and 1/T 
as a function of the field intensity for 
PP-1, PP-5 and PP-24 ferrites measured at 
a pulse repetition frequency of 100 per 
sec (4 usec square pulses). It will be 
seen that 1/t increases linearly with the 


tj Usec Tot, lsec 


43 


2 4 1, 0e 
Fig.9. Variation of the 
magnetization reversal time 
t (solid curves) and t71l 
(dashed curves) as a func- 
tion of the field strength 
for PP-1 (1), PP-5 (2) and 
PP-24 (3) ferrite cores. 
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magnetic field strength. Type PP-1l and PP-5 fer- 
rites, which have a higher dynamic coercive force 
than PP-24 ferrites, are characterized by longer 
magnetization reversal times. 


Scientific Research Telephone Communication 
Institute 


References 


1. E,Albers-Schoenberg, J.Appl.Physiks, 25, 152 
(1954). 

2. G.Hullet, Z.Phys.Chem., 37, 325 (1901). 

3. D.L.Fresh, Proc. IRE, 44, 1303 (1956). 

4. M.L.Morgulis, Vibratsionnoe izmel'chenie materi- 
ala (Vibrational pulverization of materials), M. 
1957. 

5. J.L.Snoek, New Developments in Ferromagnetic 
Materials (Cited in Russian trans., M.1949.) 

6. G.Economos, J.Amer.Cer.Soc., 38, 241 (1955). 

7. H.P.Wijn, E.W.Gorter, C.I.Esweldt & P.Geldermans, 
Philips Techn.Rev., 16, 49, 1954. 

8. G.Rado, R.Wright & W.Emerson, Phys.Rev., 80, 

273 (1950). 

9. V.P.Sal'nikova, Tekhnologiia izgotovleniia fer- 
ritovykh serdechnikov s priamougol'noi petlei 
gisterezisa marok VT-1, VT-2 i VT-4 (Technology 

of preparation of type VT-1, VT-2 and VT-4 ferrite 
cores with rectangular hysteresis loops) , M.1957. 


- 1217 = 


KINETICS OF THERMOMECHANICAL TREATMENT OF FERROMAGNETS 
- F.N. Dunaev 


Introduction 


One of the procedures for producing a stable magnetic texture in ferromag- 
nets consists of subjecting it to an external stress at high temperature and is 
called "thermomechanical treatment"!. 

Although the effect of thermomechanical treatment has been considered by a 
number of authorsl-12, it has not yet been adequately studied. For example, 
there have been no investigations devoted to the rate of the internal processes 
occurring during thermomechanical treatment. Yet investigations of the kinetics 
of thermomechanical treatment are of considerable theoretical and practical in- 
terest: on the one hand, they can yield certain information on the nature of the 
processes in the material and, on the other hand, they can be useful in specify- 
ing the optimum conditions of treatment. 

The present work was concerned with the kinetics of thermomechanical treat- 
ment of samples of 65 Permalloy (65% Ni, remainder Fe) and transformer steel 
(3.7% Si). The 65 Permalloy specimens were in the form of wires 1 mm in diameter 
and 150 mm in length; the transformer steel samples were strips measuring 150 x 
x 2 x 0.35 mm. Prior to the experiments the specimens were annealed at 1200° in 
a current of hydrogen and then at 10009 in a high vacuum. 


1. Measurements 


The tests were carried out in a special set-up designed to measure the mag- 
netization and magnetostriction at high temperatures under vacuum and at the same 
time to permit application and removal of an external load evenly but at a fairly 
rapid rate. The magnetostriction was measured by the mechano-optical procedure; 
the magnetization - by means of an astatic magnetometer; the temperature - by 
means of a platinum-rhodium: platinum thermocouple. 

The saturation magnetostriction and magnetization in the field range corre- 
sponding to maximum susceptibility are highly sensitive to changes in magnetic 
structure. Hence we utilized these parameters for investigating the texture kin- 
etics in the process of thermomechanical treatment. 

The measurement procedure was the following. The specimen was heated with- 
out load up to a certain temperature T, then a load producing a tensile stress 
oA. was applied and the saturation magnetostriction Ag (in a 700 oersted field) 
was measured at certain intervals. Prior to each measurement the load was re- 
moved and the specimen demagnetized, i.e., the measurements of AS were made at 
zero load. As a result we obtained isothermal X, vs T curves characterizing the 
variation of saturation magnetostriction with time under the influence of stress, 
i.e., curves characterizing the formation or establishment of magnetic structure. 

After the texturing process had gone to completion, i.e., when continued ap- 
plication of the stress did not produce any further change in ),, the load was 
removed and we observed the process of breakdown or elimination of the magnetic 
structure at the same temperature T. Upon termination of the elimination of 
texture process, the load was again applied and we observed the process of re- 

*In the case of 65 Permalloy Oo, = 1.5 kg/mm; in the case of transformer 
steel On = 2 kg/mm, The optimum loads were determined experimentally; they were 
chosen so as to produce the maximum thermomechanical treatment effect and not 
cause any appreciable plastic deformation at the test temperatures. 10 
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establishment of magnetic structure, i.e., made the same measurements as in ob- 
taining the initial AX, vs T curve. Such a cycle of measurements was carried out 
at different temperatures: in the case of 65 Permalloy at T = 400, 460, 500 and 
540° and in the case of transformer steel at T = 420, 470, 520, 570, 620 and 
660°C. 

A different lot of 65 Permalloy specimens was used to investigate the 
thermomechanical treatment by measuring the magnetization at a constant magnetic 
field H corresponding to maximum susceptibility. In principle the procedure was 
the same as outlined above forr,. The field was applied only at the instants 
of measurement after removal of the load and demagnetization of the specimen. 

In this case we obtained Iy vs T curves characterizing the processes of estab- 
lishment, elimination and reestablishment of magnetic texture at different tem- 
peratures T = 400, 420, 440, 460, 480 and 500°. 

In order to see how the magnetic texture induced by thermomechanical treat- 
ment changes in the process of cooling we recorded saturation magnetostriction 
vs temperature curves for the following temperature cycle: heating without load 
to T, cooling without load after prolonged heating at T under stress 0,4, cooling 
under stress 0, after prolonged heating under load at T. The holding time at T 
in both cases was sufficient for the texturing process to go to completion. 

We emphasize that in all cases the measurements were made after removal of 
the load and demagnetization of the specimen. Consequently, the observed vari- 
ations of the magnetization and magnetostriction reflect stable, i.e., more or 
less permanent, changes occurring inside the specimen. 

The sensitivity of our equipment as regards measurements of magnetization 
was 0.13 gauss mm-1, as regards magnetostriction 2-107? mm=!, The uncertainty 
in the magnetization measurements did not exceed 5%, in the magnetostriction 
measurements 7% and in the temperature measurements 3°. 


2. Experimental results 


To illustrate the observed regularities, 
in Fig.1 we give the variation of the magnet- 
ization of 65 Permalloy with time in the pro- 
cesses of the initial establishment, removal 
and reestablishment of magnetic structure at 
T = 460 and 500°. It will be evident from 
the curves that changes in the magnetic struc- 
ture occur more rapidly at higher temperatures; 
whereas at T = 400° more than two hours are 
necessary for the processes to go to comple- 
tion, only 15-20 minutes are required for 
their consummation at T = 500°. 

In the process of removal of texture, i.e., 
during prolonged holding at T with no load, 
the magnetic texture breaks down only partially; 
this is evinced by the fact that at the end of 
the process I, does not return to its initial 
Fig.1. Variation with time Tt of value, i.e., the one that obtained before ap- 
the intensity of magnetization plication of the load. 


0 20 40 60 min 


of 65 Permalloy during establish- In the process of reestablishment of the 
ment (1), removal (2) and re- texture, however, I, returns to the same value 
establishment (3) of magnetic as upon completion of the initial texturing 


structure with 0, = 1.5 kg/mm2, process, that is, the magnetic texture is re- 
established to the full extent of its breakdown 


“0 yy) 4 
Fig.2. Variation with time Tt of the 
saturation magnetostriction \, of 
transformer steel (3.7% Si) during 
establishment (1), removal (2) and 


reestablishment (3) of magnetic struc- 


ture. 
Mei 


Fig.3. Variation of the saturation 
magnetostriction AX, of 65 Permalloy 
as a function of the measurement 

temperature t. Heating temperature 
T = 500°; stresses: 1 - 0, = 0, 2 - 
1.5 kg/mm? during heating, cooling 
with o = 0, 3 - og = 1.5 kg/mm, 


shown in Fig.3. 


60 t min 
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during heating with no load. Thus the 
thermomechanical treatment effect ap- 
parently comprises an irreversible and 
a reversible part. 

The magnetostriction vs time curve 
for transformer steel at T = 570, 620 
and 660° are shown in Fig.2. It will 
be evident that the same regularities 
are observed for transformer steel as 
for 65 Permalloy. With increasing T, 
the reversible part of the effect in 
both materials diminishes. Thus if we 
characterize the reversible fraction of 
the effect in terms of the ratio of the 
change in saturation magnetostriction or 
magnetization in the process of break- 
down of texture to the change in these 
quantities in the initial process of 
establishment of structure we find that 
in the case of transformer steel A\s(rey) 
/Os (init) = 0.42, 0.37 and 0.16 for T = 
=570, 620 and 660°; for Permalloy the 
ratios are 0.50, 0.42 and 0.35 at 400, 
460 and 500°, respectively. The rate of 
breakdown of texture is somewhat slower 
than the initial establishment process. 

Further, comparing the rates of re- 
spective processes at the same tempera- 
ture in 65 Permalloy and in transformer 
steel, we see that the rates are lower 
in transformer steel. For example, at 
T = 500°, completion of the initial tex- 
turing process in transformer steel re- 
quires at least 60 minutes, whereas only 
about 20 minutes are required in the case 
of Permalloy. A twenty minute texturing 
time for transformer steel is obtained 
only when T is increased to 620°. 

We note, however, that the comple- 
tion times for the same material deter- 
mined from the AX, and the Ip curves are 
virtually equal. For example, the time 
for consummation of the texture formation 
process for 65 Permalloy at T = 460° 
yielded by both curves is ~40 min. 

The temperature dependences of the 
magnetostriction X, of 65 Permalloy are 


It will be seen that A, decreases with increasing temperature. 


Curve 1 was obtained in heating with no load, curve 2 in cooling with no load 
after holding at T = 500° with Og, = 1.5 kg/mm? and curve 3 in cooling with the 


load o, = 1.5 kg/mm?. 


It will be seen that texture is formed not only during 


heating under stress but also in the process of cooling under stress. This is 
evinced by the fact that curve 3 lies considerably below curve 2. 
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Fig.4. Variation of the saturation mag- 
netostriction X, of transformer steel 
riba the temperature. T = 570°, 1 - 

= 0, 2 0, = 2 kg/mm“, cooling with 
o= 0, 3-0, = 2 kg/mm?. 
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Fig.5. Variation of the relaxation 
time me, of the formation of the mag- 
netic structure as a function of the 
temperature in 65 Permalloy: © - T, 
calculated from the I,, curves; X - 
values computed from the Ng curves. 


according to our calculations, have the 


W 


From analysis of similar i. vs 
temperature curves obtained for differ- 
ent T it was found that the growth of 
magnetic structure in the process of 
cooling is intensified for higher values 
of T, but that the growth only goes on 
down to about 400-3809, i.e., that the 
formation of structure stops at approxi- 
mately this temperature. The degree of 
texturing can be characterized at least 
roughly by the ratio of the difference 
between the values of X, on curves 1 & 

3 to the corresponding value of i, on 
curve 1. This ratio increases only down 
to the indicated temperature. For ex- 
ample, from the curve shown in Fig.3, we 
obtain 0.31, 0.49, 0.53 and 0.53 for 
Dvs/hg at 500, 450, 400 and 350° respec- 
tively. 

The temperature dependences of A, 
of transformer steel for T = 570° are 
given in Fig.4. In contrast to the case 
of 65 Permalloy, here X, increases with 
temperature up to a certain point. How- 
ever, analysis of these curves and simi- 
lar curves obtained at other values of 
T leads to the same regularities as re- 
gards the variation of magnetic texture 
as in the case of 65 Permalloy. 

Fig.5 shows the dependence of the 
relaxation time of the texturing process 
in 65 Permalloy as a function of the re- 
ciprocal of the absolute temperature of 
thermomechanical treatment. It will be 
seen that the variation of log Ty, with 
1/T is nearly linear. Consequently this 
dependence can be approximated by the 
relation 


w 
Tyr os AekT, 


i.e., the relation characteristic of dif- 
fusion processes. Here k is Boltzmann's 
constant and A and W are consents which, 
following values: 


A = 1.2°1079 sec and 
= 2.48°10712 


erg = 1.55 ev 


With a view to comparing the effect of thermomechanical and thermomagnetic 
treatments, we investigated the kinetics of thermomagnetic treatment at T = 460°, 


carrying the specimens through a number 


a 400 oersted field. All the measurements were made in the same way as in inves-_ 


of cooling cycles in zero field and in 


tigating the kinetics of thermomechanical treatment, i.e., the magnetostriction 


- 1221 - 


and magnetization were measured only after removal of the field and demagnetiza- 
tion of the specimen. 

The results obtained were similar to those evinced in thermomechanical 
treatment and described above. 

In particular, we observe the process of partial breakdown of the texture 
in heating in zero field and the process of reestablishment of texture. The 
time to completion of the initial formation of texture process differs little 
from the time for consummation of the texturing process during thermomechanical 
treatment. This result is substantiated by comparison with the data of Bozorth 
& Dillingerl3 and the results of Zusman!4, 

Moreover, in general thermomechanical treatment appears to be most effective 
for the same materials that are susceptible to thermomagnetic treatment. 

All this would indicate that the processes induced in ferromagnetic materi- 
als by the two types of treatment are similar or at least have certain traits 
in common. 

It will be seen from Fig.5 that the relaxation times determined from the 
magnetostriction curves are somewhat longer than the relaxation times computed 
on the basis of the magnetic intensity curves, even though the times to comple- 
tion of the texturing process yielded by the two curves are equal. It must be 
inferred, therefore, that the changes occurring in the specimen during thermo- 
mechanical treatment first affect Iy more strongly than \, and that these initial 
changes are primarily irreversible in the sense defined above. Actually, the 
fraction of the reversible part of the effect as determined from the Iy vs T 
curves is smaller than the fraction computed on the basis of the \, vs Tt curve. 
For example, for 65 Permalloy with T = 460° we have Aly(rey)/Aly = 0.24, while 
Ms(rey)/“s5 = 0-42. Careful scrutiny of Fig.5 shows that variation of log Ty 
as a function of 1/T is only roughly approximated by a straight line. A better 
approximation is given by a curve bulging upward. 

Arkharov!5 notes that owing to the unquestioned assumption that the kinetics 
of a given process must be characterized by the simple exponential law investi- 
gators frequently tend to disregard deviations of the experimental points from 
a straight line even when the deviations indicate a different regularity. Such 
systematic deviation is observed in the case of thermomechanical treatment. 

The log ty vs 1/T curves calculated both from the I, and the A, vs time curves 
for 65 Permalloy show an unmistakable upward convexity. The curves for trans- 
former steel also exhibit a noticeable camber. Consequently, with increasing 
temperature the rate of texture formation is somewhat greater than would follow 
from the diffusion law. 

Apparently other processes in addition to diffusion are involved in thermo- 
mechanical treatment. Possibly under the influence of the external load there 
are set up large local stresses producing plastic deformations in microregions. 
This may explain the fact that the activation energy determined by us for 65 
Permalloy is less than that found by Bozorth & Dillingerl3 for the same material 
in the process of thermomagnetic treatment. Logically, additional stresses and 
strains induced in the material by the external load during thermomechanical 
treatment should reduce the activation energy. 

The principal cause of the thermomechanical treatment effect may be oriented 
superstructure of the type hypothesized by Née112, It is not impossible that a 
significant role in this effect is also played by diffusional redistribution of 
internal stresses, resulting in increase of the volumes of regions subjected to 
internal tensile stresses in the direction of the applied load. 

One of the possible causes of partial breakdown of the magnetic texture 
during heating with no load, i.e., the factor responsible for the reversible 
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part of the thermomechanical treatment effect, may be the elastic aftereffect 
known as spring-back. 
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GRAIN-ORIENTATION IN THE PROCESS OF ANNEALING COLD-ROLLED TRANSFORMER STEEL* 
- L.V. Mironov 


A distinctive characteristic of cold-rolled transformer steel being pro- 
duced at present by our (USSR) plants is its crystallographic structure which 
is characterized by alignment of the (100) planes in the plane of rolling and 
of the [100] cube edges in the direction of rolling. 1 Inasmuch as the [100] 
direction in the a@-Fe lattice is a direction of easy magnetization, high magnet- 
ic properties can be realized in the rolling direction if a pronounced texture 
(grain orientation) is obtained in the material. For example, in the case of 
texture characterized by 90-95% oriented grains, the magnetic induction (Bg5) 
with a field strength of 25 ampere-turns per centimeter amounts to 19,300-19,500 
gauss, while the specific loss (P}9/509) at 10,000 gauss and 50 cps is 0.85-0.90 
watt/kg. In contrast, samples from the same melt but with less pronounced struc- 
ture, i.e., having about 25% oriented grains, have Bos5 = 15,500 gauss and P10/50 = 
= 1.40 watt/kg. 

In developing rapid procedures for the final annealing of cold-rolled trans- 
former steel, it was found that when the rate of heating is increased about 100- 
150 degree/hour the grain orientation processes are hindered or suppressed. In 
case of rapid heating, even after annealing at high temperatures, poor texture 
was obtained, while samples from the same strips annealed under the same condi- 
tions but with a slow heating rate had a texture characterized by 95% oriented 
grains. 

In view of this it appeared desirable to investigate the kinetics of texture 
formation. The research was carried out on cold-rolled commercial strips 0.35 
and 0.50 mm thick from different smelts that had gone through the entire techno- 
logical process except for the final high-temperature anneal. The samples were 

deliberately taken from smelts yielding 
Composition of sample batches final sheets with different character- 
(values in %) istics. The results of chemical analyses 
of the smelts from which the samples were 
taken are given in the accompanying table. 


elt | Seas nn 5 Sf Nl The samples were in the form of 30 mm 
diameter disks cut from the cold-rolled 
strips. The samples were heated in the 

7 ae 30s od 008 | 0°004 ah laboratory electric vacuum furnace, or in 
6 0,04 | 3,10 | 0,07 |0,011]0,006] 0,11 some cases by the contact procedure. The 
8 0,04 | 2,96 | 0,02 |0,009|0,007{ 0,11 yate of heating was varied from 1 degree/ 


/min to 1000 degree/sec. 

After annealing, we determined the 
texture by measuring the normal component 
of the magnetization (I,) as a function 

of the angle @ between the direction of the applied magnetic field and the direc- 
tion of rolling (Aksenov-Grigorov method?). The magnetization measurements were 

made by means of a ballistic galvanometer at a field intensity of 300 oersted. 

In addition, using the same samples, we determined the grain size by the conven- 

tional metallographic procedure. 

Fig.1 shows the variation of I, with the angle » for samples from smelt No.8 
subjected to different heat treatments. In general such curves are analyzed 
(harmonic analysis) to obtain the amplitudes of the even harmonics and from these, 
using Akulov's equation for the magnetic anisotropy’, one can determine the rela- 


*G.N.Shubina participated in part of the research. 
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Fig.1. Curves characterizing 


the anisotropy of samples from 
In - normal com- 


smelt No.8. 
ponent of the magnetization; 
@ - angle of field relative 

to the direction of rolling. 
Heat treatments: 1) 6 hrs at 
850°, 2) 6 hrs at 925°, 3) 

4 hrs at 10009, 4) 2 hrs at 

1100°, 


Wp, %e 
100 


00 Hes 
Fig.2. Influence of the rate 
of heating on the degree of 
perfection of texture as 
characterized by Wz; samples 
from smelt No.8: 1) 1.0 de- 
gree/min, 2) 35 degree/min, 
3) 400 degree/min, 4) 100 
degree/sec, 5) 1000 degree/ 
/sec. 
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tive volume of crystallites oriented in conformi- 
ty with a given type of texture. However, in our 
particular case, when there are no changes in 

the type of texture and only the degree of per- 
fection of the texture varies, one can have re- 
course to a simplified procedure and character- 
ize the degree of perfection by the mean ampli- 
tude of the In vs » curves. In our work we 
subjected three samples to the same heat treat- 
ment in each case and as the quantity character- 
izing the degree of perfection of texture took 
the arithmetic mean value of I, for these three 
samples; hereinafter we shall denote this arith- 
metic mean value by Ws. In a few cases, when 
there were obtained very large grains, we treated 
an additional 6-8 samples to enhance the statisti- 
cal accuracy. The scatter of experimental points 
did not exceed 10%. 

Fig.2 shows the influence of the heating 
rate on the degree of perfection of texture of 
samples from smelt No.8 in heating to 800-1100° 
(zero holding time). It will be evident from 
the curves that with increase of the rate of 
heating to 1100° the degree of perfection pro- 
gressively decreases from 95% in the case of 
heating at the rate of 1 degree/min to 30% in 
the case of heating at 1000 degree/sec. It is 
interesting to note that with slow heating the 
greatest increment in the degree of perfection 
occurs in the 900 to 1000° interval. Measure- 
ments of grain size showed that in heating to 
1100-1200° at a rapid rate (100 to 1000 degree/ 
/sec) there occurs complete recrystallization 
with appreciable development of grain size - 
sometimes the grain dimensions become commensu- 
rate with the thickness of the plate; holding 
at the high temperature in this case has little 
effect on the grain size. Consequently, rapid 
heating does not suppress grain development in 
general but only preferential growth of oriented 
grains. 

Isothermal experiments yielded an even 
clearer picture of the processes involved in 
texture formation. In these experiments the 
samples were heated at a rate of about 2000 
degree/min to different temperatures and held 
at heat for 5 min to 6 hours. It was found that 
when cold-rolled transformer steel is annealed 
at temperatures above 850-900° there occurs 
secondary recrystallization which has a decisive 
effect on grain orientation. 

After the recrystallization treatment, the 
samples are characterized by a recrystallization 
texture, the degree of perfection of which is 


%. hrs. 
Fig.3. Influence of holding time 
at different temperatures on the 
degree of perfection of texture 
(total texture as characterized 
by W ) for samples from smelt 
No.8: 1) 850°, 2) 900°, 3) 925°, 
4) 975°, 5) 1050°, 6) 1100°. 


Fig.4. Microstructure of samples 
from smelt No.8 annealed for a) 
15 min at 925° and b) 5 min at 
1000°. 
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about 20% and does not depend on the heating 
rate. When either the heating time or the 
temperature are increased, there occurs ag- 
glomerative recrystallization accompanied by 
increase in the degree of perfection. The 
extent of this improvement depends on the 
mechanism of grain growth. [In the case of 
ordinary continuous grain growth (usually oc- 
curring at temperatures up to 900°), the in- 
crease in degree of perfection is insignifi- 
cant. If, however, there occurs secondary 
recrystallization, an appreciable increase 
in perfection may be realized. Decisive in 
this case are the process parameters, namely, 
the number N of "growth centers" and the lin- 
ear growth rate G. The kinetic curves charac- 
terizing the process of texture formation in 
samples from smelt No.8 are shown in Fig.3. 
The greatest increase in degree of per- 
fection occurs at temperatures marking the 
beginning of secondary recrystallization, 
when there appears a small number of precisely 
oriented "growth centers". Secondary recrys- 
tallization in this case develops primarily 
through enlargement of the growth centers (not 
through the genesis of new centers) and term- 
inates when the growing grains "meet". At 
925°, owing to the relatively low linear 
growth rate, the process requires an appreci- 
able time (4 to 5 hours) to go to completion. 
Increase of the maximum annealing tempera- 
ture is accompanied by increase in the number 
of growth centers which are characterized by 
increasingly random orientation. The process 
of secondary recrystallization is accelerated, 
but the effective grain size is reduced and 


accordingly the degree of perfection of texture decreases. Apparently, the most 
accurately oriented grains are the most stable ones and their growth is most ad- 
vantageous as regards reduction of internal energy; hence they serve as "growth 
centers” in the range of low temperatures. By the same token, less precisely 

oriented grains have less tendency to grow and hence can become "growth centers’ 
only at higher temperatures. This is why increase of the annealing temperature 


is accompanied by increase in the number of "growth centers" and at the same time 
a decrease as regards the accuracy of their "total" orientation. Photographs of 
samples annealed at 925° and 1000° and etched to bring out the microstructure are 
reproduced in Fig.4. These photographs show how greatly the number of "erowth 
centers" (dark specks in the photographs) increases with increase in temperature. 
In view of the specific kinetics of secondary recrystallization, the varia- 
tion of the degree of perfection of texture of transformer steel as a function 
of the annealing temperature is characterized by curves with maxima. Typical 
curves for samples from smelt No.8 are shown in Fig.5. It will be seen that the 
most perfect texture is obtained at temperatures corresponding to the beginning 
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of secondary recrystallization, provided the 
sample is held at heat for a sufficiently long 
time for the recrystallization process to be 
consumated. Annealing at a higher or lower 
temperature results in decrease of the degree 
of perfection. It will be seen that as the 
holding time is shortened the maxima in the Ws 
curves shift to the side of higher temperatures. 
On the basis of the above described experi- 
mental results, one can explain the influence of 
the rate of heating on the recrystallization tex- 
ture obtained in annealing cold-rolled transformer 
steel. In the case of slow heating, the process 
of secondary recrystallization goes to completion 
Fig.5. Influence of the an- under conditions favorable for texture formation, 


nealing temperature on the i.e., when there appear precisely oriented "growth 
degree of perfection of tex- centers’. Increase of the heating rate shifts the 
ture (as characterized by secondary recrystallization into the region of 

Ws) in samples from smelt higher temperatures and this is accompanied by a 
No.8. Holding times at great increase in a number of "growth centers”, 
heat: 1) 4 hrs, 2) 1 hr, many of which are more or less randomly oriented; 
3) 30 min, 4) 5 min. as a result the texture is impaired. 


Tests on samples taken from other smelts 
showed that different batches of transformer steel are characterized by indivi- 
dual distinctive attributes which are evinced in variation of the temperature 
of beginning of secondary recrystallization and of the number of "growth centers”. 
In contrast, the linear growth rate appears to be independent of the individual 
properties of different smelts, i.e., is virtually the same for all smelts. 

In some cases the individual attributes of a given smelt are evinced only by 
an increase or decrease of the temperature of beginning of secondary recrystal- 
lization. In such cases the minimum number of "growth centers" and the maximum 
degree of perfection of texture are observed at different temperatures, which is 
obviously reflected in the kinetics of the texture formation process. If the 
secondary recrystallization begins at higher temperatures, the process, owing to 
a higher linear growth rate, is consumated more rapidly than in samples from 
smelts with a lower temperature of secondary recrystallization. Figs.6 and 7 
show the variation of the parameters N and G and the degree of perfection of 
texture as a function of the annealing temperature for samples characterized by 
different temperatures of the beginning of secondary recrystallization. Depend- 
ing on the temperature of beginning of secondary recrystallization, the time 
necessary for obtaining the greatest degree of perfection may vary from 4-5 hours 
(at 900-9209) to 15-20 min (at 1000-10209). Tests on a large number of samples 
from different commercial smelts showed that in most cases secondary recrystal- 
lization is observed at temperatures between 920 and 970°, which wile to 
holding times of 3-4 hours. 

Some individual smelts do not have a clearly defined temperature of begin- 
ning of secondary recrystallization: in samples from these smelts a large number 
of "growth centers" appears at all temperatures from 820-850° up. The degree of 
perfection that can be attained by annealing specimens from such smelts is rela- 
tively low and sheets fabricated from such smelts as a rule have inferior mag- 
netic properties. 

As a result of a special series of experiments designed to study the influ- 
ence of different factors on secondary recrystallization, it was established that 
preliminary low-temperature annealing (below 850°) even with holding times of up 
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Fig.6. Influence of annealing temperature on the secondary recrystallization para- 
meters: 1) linear growth rate G in samples from smelts Nos.2 & 8, 2) number N of 
growth centers in a sample from smelt No.8, 3) same for sample from smelt No.2. 
Fig.7. Influence of annealing temperature on texture formation (as 
characterized by Wg): 1) smelt No.8, holding time at heat 4 hours; 
2) smelt No.2, holding time 20 min. 


to 18-20 hours, has little or no effect on the secondary recrystallization para- 
meters and hence on texture formation. On the other hand, preliminary annealing 
at elevated temperatures (above 1000-10509), even in the case of rapid electric 
heating, when no strong grain growth occurs, precludes the possibility of second- 
ary recrystallization at lower temperatures and sharply reduces the "total" tex- 
ture obtained in the subsequent final annealing. These facts should be borne in 
mind in specifying conditions for preliminary decarbonizing heat treatment in the 
fabrication of transformer steel sheets. 

Subjecting cold-rolled samples to low temperature annealing (below 850°) 
followed by rolling with critical reduction leads to complete suppression of 
secondary recrystallization and a sharp reduction of the degree of texture per- 
fection obtained in subsequent annealing. It is interesting to note that the. 
critical deformation for samples of cold-rolled transformer steel subjected pre- 
viously to low temperature annealing does not exceed 5%, whereas it is known that 
the critical reduction for hot-rolled steel is 10-12%. This lower value of the 
critical reduction for cold-rolled steel can be explained if we assume that the 
low temperature anneal does not relieve all the stresses in the material. The 
results of recent etch figure studies® of cold-rolled and annealed transformer 
steels are consistent with this explanation. 

All the above observations apply to the processes occurring in commercial 
strips obtained by two-pass cold rolling with intermediate tempering. Prelimin- 
ary investigations show, however, that secondary recrystallization effects with 
the same characteristics occur in steel strips fabricated by single rolling with 
over 75% reduction. The difference as compared with strips fabricated by two- 
stage rolling is that secondary recrystallization with the formation of precisely 
oriented "growth centers” begins, as a rule, at lower temperatures and requires 
a more prolonged heating time (8-12 hours) to go to completion. This apparently 
is the reason for the widely held opinion that one cannot obtain recrystallization 
structure with a high degree of perfection in singly rolled strips. 


Conclusions 


1. During annealing of cold-rolled transformer steel fabricated by two-stage 
rolling with intermediate tempering or single rolling with over 75% reduction 
there occurs secondary recrystallization under conditions favoring preferential 
growth of oriented grains. 
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2. The most favorable temperature for obtaining texture with a high degree 
of perfection is the temperature of beginning of secondary recrystallization 
when there appear the most precisely oriented "growth centers’. In view of the 
fact that at this temperature the number of "growth centers” is small and the 
linear growth rate is low, the process requires an appreciable time - up to 6 
hours - to go to completion. Increasing the annealing temperature leads to an 
increase in the number of "growth centers’ but with more random orientations; 
the process is accelerated but leads to the formation of small poorly oriented 
grains. 

3. In the case of slow increase of temperature, the secondary recrystal- 
lization is consumated at optimum temperatures; rapid heating shifts the recrys- 
tallization into the region of higher temperatures, which is accompanied by re- 
duction of the grain size and decrease in the degree of perfection of texture. 
Hence under industrial conditions if the heating rate cannot be made slow enough 
to insure the material remaining in the 900 to 1000° range for a sufficiently long 
time, it would be expedient to employ two-stage heating, i.e., to hold the 
material for an appropriate time at just above 900° before bringing it up to the 
final annealing temperature. 

4. The development of secondary recrystallization is also influenced by such 
factors as the individual characteristics of the smelt, preliminary high-tempera- 
ture heating and rolling with critical reduction. Low-temperature annealing does 
not have any appreciable effect on secondary recrystallization. 

6. The existence and kinetics of secondary recrystallization must be taken 
into account in developing and specifying the fabricating operations for differ- 
ent types of cold-rolled transformer steel. 
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MAGNETIC ANALYSIS OF THE DEFORMATION STRUCTURE DUE TO COLD ROLLING AND 
RECRYSTALLIZATION IN PURE ELECTROLYTIC NICKEL 
- N.L.Briukhatov, N.A.Grinchar & I.Ia.Ekamasov 


Introduction 


Among the different types of texture or grain-orientation obtained in rol- 
led metals by recrystallization, of particular interest is the so-called "cube 
texture’ which can be realized in some metals and alloys possessing a face- 
centered cubic lattice.1 

This texture is characterized by orientation of one set of cube-faces in 
the plane of rolling and alignment of the crystallographic axis parallel to the 
cube edge in the direction of rolling; accordingly it is usually denoted by (100), 
[001] . The cube texture makes it possible to utilize the pronounced anisotropy 
of some physical properties of single crystals. In particular, as one of us show- 
ed earlier?, it is feasible to utilize the maximum value of the magnetostriction 
(-54-1076) of nickel single crystals by producing the cube structure in polycrys- 
talline material through agglomerative recrystallization. 

Despite the fact that the process of recrystallization of nickel, leading 
to realization of the cube structure, has been investigated by a number of auth- 
ors, we still have only scant information on the conditions governing the devel- 
opment of cold-rolling deformation texture and recrystallization texture in 
nickel. 

The purpose of the present work was to develop a method of magnetic analy- 
sis of deformation and recrystallization textures in pure electrolytic nickel 
and to elucidate the influence of the degree of purity of the metal and of the 
conditions of cold rolling and heat treatment on the development and character 
of the texture and the residual internal stresses. 


1. Magnetic Analysis of Texture of Rolled Nickel 


For investigating the texture in nickel we used the method of measuring the 
mechanical torques by means of a magnetic dynamometer (torquemeter) .° Resolution 
of the resultant magnetograms (torque curves) into harmonics by the method of 
harmonic analysis leads, as a rule, to the following general expression for the 
torque: 


M = Aysin 4a + A, sin 2a, (1) 


where a is the angle between the direction of rolling and the applied magnetic 
field and A, and A, are amplitude coefficients depending on the anisotropy con- 
stant. 

The calculations are generally carried out for an averaged "effective" tex- 
ture equivalent to the real texture with a certain scatter of the crystallograph- 
ic axes. We based our analyses and calculations on the x-ray diffraction data 
which indicate the presence of a primary texture characterized by alignment of 
the (011) planes with the rolling plane and orientation of the [112] axis in the 
direction of rolling! with possible deviations of up to 8° from this direction® 
and a less pronounced secondary texture in which the (112) planes are in the 
plane of rolling and the [111] axis is aligned with the direction of rolling.? 
Expressions for the torques can be deduced from the formula for the magnetic an- 
isotropy energy.°,7 Using w; to denote the angle between the cube edge and the 
direction of rolling for the crystallites of the first groups, ||’; to denote the 
relative volume of such crystallites and Jl’, to denote the volumetric proportion 
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of crystallites of the second group with the CEI); [111] orientation, we can 
write the following expressions for the torques due to the crystalites of the 
first and second groups: 


Wis = K (2W; cos 4a;) sin 4a + = K (XW; cos 20;) sin 2«, (2) 
M, = —3, KW, (7sin 4a + 2sin 2a), (3) 


where K is the anisotropy constant for nickel. 
The total torque M is the sum of the component torques Mj, Mg and the torque 
Mg due to oriented internal stresses: 


M=M,+M,+ Msg, (4) 
where 
M, = Xysin 2a, (5) 


Approximating the actual structure with the [112] axes "scattered" about 
the rolling direction by an "effective" texture with precise orientation of [112] 
in this direction, i.e., replacing the spread of angles w; by a single angle «, 
for which cosa, = J6/3 and replacing the W; by a single W,, we can write the 
expression for the total torque in the following form: 


Keer , : Kae d ‘ 
* M =*W, (2sin 2a —7.sin 4a) — © W, (2sin 2x + 7sin 4a) + X,sin 2a, pts 
M = E (W,—Ws) + x, | sin 2a — 35 K (W, + W,) sin 4a. (7) 


Obviously, the two equations (1) and (7) alone are not sufficient for deter- 
mining the three unknowns W,, W, and X,. However, taking advantage of the 
strong temperature dependence of the harmonics associated with the crystallo- 
graphic anisotropy and of the harmonics due to internal stresses®, we can obtain 
a third equation. To this end we need only record a magnetogram (torque curve) 
at a low temperature (for example, at liquid nitrogen temperature). We then 
have the following three equations for solving our problen: 


. (Wy — We) +Xo= As, 
— LE WW, + W,) = Ae (8) 


SM, = We) chiara AS 


Here A, and A, are the amplitudes of the harmonics in the torque curve obtained 
at room temperature and A’, is the amplitude at liquid nitrogen temperature. The 
values of K can be taken from the experimentally determined temperature depend- 
ence of the anisotropy constant of nickel9; K' is the value of the anisotropy 
constant at liquid nitrogen temperature. 

In the case of the given degree of cooling (i.e., to liquid nitrogen tempera- 
ture), the change in the amplitude of the second harmonic due to stresses is con- 
nected with the corresponding temperature change of the magnetostriction. 10 It 
may be assumed with reasonable accuracy that the magnetostriction in this case 
decreases by a factor of 1.5. 
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2. Experimental Results 


The tests were carried out on samples of high purity, grade NOOM electrolytic 
nickel, analyzing only 0.03% total impurities, including 0.012% cobalt. We en- 
ployed two rolling procedures: gradual rolling involving 200 passes in which the 
samples were reduced 90% and rapid rolling in which the samples were reduced 94- 
-95% in 15-20 passes. The recrystallization annealing carried out under vacuum 
involved either 4 hours heating at 1000° or 2 hours at 1100° followed, in both 
cases, by slow cooling with the furnace. 


-¢ 
W10, “erg lem? 
G8 


-% qQ 
W-1Q ere! om? 


Fig.1. Magnetogram obtained at room temperature for sample No.17 of high purity 


nickel prior to heat treatment. 


Gradual 90% reduction by cold rolling. Torque - 


M = 0.65+104 sin 4q-0.22-10% sin 2a. 
Fig.2. Magnetogram obtained at room temperature for sample No.17 after 
annealing for 2 hours at 11009. Torque - M = -2.49°10% sin 4a. 


M1, ere lom® 


Fig.3. Magnetogram obtained at 
room temperature for sample No. 
10 of high purity nickel after 
rapid 95.3% reduction. M = 

= 0.83-104 sin 4a - 0.38°104 
sin 2 (a + 4°). 


A. Realization of cube texture 


In samples subjected to gradual 90% reduc- 
tion there is realized as a result of 2 hours an- 
nealing at 1100° a perfect cube texture, i.e., 
100% of the crystallites assume the indicated 
orientation. The torque curve obtained at room 
temperature for sample No.17 immediately after 
gradual 90% reduction is shown in Fig.l. Fig.2 
shows the torque curve after annealing for the 
same sample; this curve is virtually identical 
with that obtained for a nickel single crystal 
in the cube-face plane’. 

In the case of samples subjected to rapid 
90 to 95% reduction, one cannot obtain a perfect 
cube texture by the same 2 hours at 1100° heat 
treatment. In this case there is observed a 
certain quantitative change in the cold rolling 
texture and only partial development of cube 
texture. Moreover, in the case of these rapidly 
deformed samples, 4 hour heating at 1000° failed 
to yield a perfect cube texture. Fig.3 shows the 
torque curve obtained at room temperature for 
sample No.10 immediately after cold rolling with 
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rapid 95.3% reduction; Fig.4 shows the torque 


M10, erg fom? curve obtained for the same sample after anneal- 


48 ing. 


B. Analysis of texture and stresses 
The results of analysis of the texture and 


are listed in Table l. 

The torque curves obtained for samples Nos. 
17 and 10 after rolling (gradual and rapid re- 
duction, respectively) are given in Figs.5 & 6, 
respectively. These are the curves needed for 
Fig.4. Magnetogram obtained at writing the third equation in set (8). In all 
room temperature for sample No. cases the measurements show that the second har- 


10 after 4 hours heating at monic X,, associated with the internal stresses, 
1000°. M = -0.59°10% sin 4a + has a negative amplitude, the magnitude of which 
+ 0.19°10% sin 2(a + 6°). increases with increasing degree and rate of re- 
duction. 
Table 1 


Results of quantitative calculation of the texture and harmonics associated with 


internal stresses for samples of N0000 nickel after cold rolling (before annealing) 


; Amplitude of 
Sample Reduction |Percentage W1, % Ws,% |second harmonic, 
No. Bee reduction Xo, erg/cm? 


_ 


17 Gradual 90 22 21 —0,21+10# 
10 95,3 ' 55 —0,6-104 
24 94,8 3,5 54 —0, 66-106 
25 Rapid 94,1 5 54 —0,7-108 
26 94,6 3 58 —0,7-108 
M10, “erg /on™ wit "erg /om® 
8p p 


Fig.5 Fig.6 


Fig.5. Magnetogram for sample No.17 of high purity nickel before heat treatment. 
M = 8.15-°10% sin 4q@ - 0.35104 sin 2a. 

Fig.6. Magnetogram for sample No.10 of high purity nickel before heat treatment. 
M = 11,.54°104 sin 4g + 1.73-104 sin 2a. 


stresses in the high purity electrolytic samples 
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C. Reflief of internal stresses and formation of recrystallization texture 


Table 2 In order to bring out the variation 
Variation of internal stresses of the internal stresses during annealing 
during annealing samples Nos.24, 25 & 26 were heated in 
vacuum for 2 hours at 200°, 300° and 400°, 
Sample | Anncaling | Heating pi itnds respectively. Then from the magnetograms 
No. | temp. , °C harmonic, obtained for these samples we calculated 


Xo,erg/cm3 


the total percentages of oriented crystal- 
lites and the amplitudes of the second 


ae ne, E ae harmonics X, due to internal stresses. 
26 +400 5 0 The analyses show that the total nunm- 


ber of crystallites oriented by cold rol- 
ling changes little with the indicated 
heat treatments but that the magnitude of X, decreases rapidly with increasing an- 
nealing temperature, going to zero as a result of heating at 400°, which indicates 
complete removal of the internal stresses. The variation of the amplitude of the 
second harmonic is shown in Table 2. Analysis of the torque curve obtained for 
sample No.26 also shows that simultaneously with the relief of the internal stres- 
ses there begins to appear a third group of oriented crystallites forming a cube 
texture. 
This third group, forming as a result of annealing and occupying a volume 
W,, gives rise to its own harmonic 


M, = + Wosin 4a. (9) 


Hence in this case the second equation in the set (8) must be rewritten: 


7K 
24 


—— iE (Wi +W2) +> Wo = Ae. (10) 

Assuming that the total number of oriented crystallites of the first and 
second groups also changes little, as is evident from determinations of the tex- 
ture for samples Nos.24 and 25 after annealing, we obtain a value of about 20% 
for. 

Thus, unlike the internal stresses, the initial cold rolling texture cannot 
be wholly destroyed by annealing: gradually decreasing, the cold rolling texture 
is replaced by the recrystallization structure with accompanying development of 
the third group of crystallites forming the cube texture. In the process, the 
integral torque curve, which is always essentially the sum of several torque 
curves corresponding to the altering crystallite groups, changes shape. Hence 
in general one cannot infer the disappearance of texture from the fact that the 
amplitude of the integral curve harmonics goes to zero. 


D. Influence of the degree of purity of the nickel on the formation of texture 
and relief of internal stresses 


For purposes of comparison we also carried out tests with samples of techni- 
cal grade N2 nickel containing 2.5% total impurities, including 1% cobalt. The 
results obtained are shown in Table 3. 

As will be evident from the table, crystallites of the primary group pre- 
dominate quantitatively and the internal stresses have a high value. 

The results for the same samples after annealing are listed in Table 4. 
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Table 3 
Results of quantitative calculation of the texture and harmonics associated 
with internal stresses for samples of technical grade N2 nickel after 
cold rolling (before annealing) 


Amplitude of 


Reduction Percentage eriie nace 


rate reduction We, % monic, Xo , 

erg/cm8 
6 11.4 —0.44-104 
2 27 —0.86-10-4 
Table 4 


Results of quantitative calculation of the texture and harmonics associated 
with internal stresses for N2 nickel after annealing for 4 hours at 1000° 


Percentage 


Amplitude of 
reduction Wa, % Wo, % 


second har-— 
monic, Xo, 
erg/cm$ 


Reduction 
rate 


—0, 07-104 
—0, 06-104 


As will be evident from Table 4, even 4 hours annealing at 1000° produces 
little change (decrease) of the cold rolling texture and does not fully relieve 
the internal stresses, whereas in the case of high purity NUQ0U nickel the com- 
paratively high stresses produced by cold rolling (Table 1) are completely re- 
lieved by annealing at only 400° (Table 2). 


Conclusions 


1. In analyzing the texture produced by cold rolling in nickel it is neces- 
sary to take into account not only the primary group of oriented crystallites, 
corresponding to the (110), [112] texture but also a group forming a texture 
characterized by (112), [111] . The relative abundances of the oriented crystal- 
lites in each of the groups and the degree of development of the internal stres- 
ses serve to explain the change in sign of the second harmonics in the torque 
curves observed in the case of cooling nickel specimens to liquid nitrogen ten- 
perature and as a result of annealing. 

2. Separating the effects of the crystallographic structure and internal 
oriented stresses by the method of: recording torque curves at liquid nitrogen 
temperature, one can determine the relative number of oriented crystallites in 
both textures and the amplitudes of the second harmonics characterizing the in- 
ternal stresses. 

3. The results of our measurements show that in high purity (N0000) nickel 
there is produced as a result of cold rolling with rapid 94-95% reduction (15- 
-20 passes) the (112), [111] texture, in which the crystallites of the second 
group predominate, together with strong internal stresses. In the case of gradu- 
al 90% reduction (200 passes) there is formed in the same high purity nickel a 
texture characterized by the uniform distribution of the crystallites between 
the two groups and virtually negligible internal stresses. 

4, The formation of cube structure incident to annealing, i.e., in the pro- 
cess of agglomerative recrystallization, is accompanied by a change in sign of 
the fourth harmonic appearing in the magnetograms recorded after annealing. Ana- 
lysis of the torque curves recorded after heat treatment shows that after 2 hours 
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heating at 1000° there is formed in high purity nickel previously subjected to 
gradual 90% reduction a perfect cube texture encompassing 100% of the crystal- 
lites. Such complete "monocrystallization" of the nickel is realized only in 
the case of gradual reduction (90% reduction in 200 passes) and only in nickel 
containing less than 0.03% impurities. 

5. In technical grade N2 nickel in which the total impurity content is 2.5% 
there is formed under the influence of cold rolling with rapid reduction the 
(110) , [112] type structure with predominance of the first group of crystallites 
and appreciable internal stresses. High temperature annealing produces little 
change of the cold rolling texture and does not. lead to formation of a pronounc- 
ed cube structure. 

6. In the case of high purity nickel, the internal stresses produced by 
cold rolling are completely relieved by annealing at 400°, In contrast, in 
technical grade nickel annealing at 1000° reduces the internal stresses but does 
not relieve them entirely. 


Faculty of Physics 
Moscow Institute of Railroad Transport Engineers 
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MAGNETOSTRICTION OF NICKEL-IRON-MOLYBDENUM ALLOYS 
- I.M.Puzei & B.V.Molotilov 


Introduction 


In the presence of elastic stresses magnetostrictive changes in a material 
involve an expenditure of energy, i.e., work is done in overcoming the stresses. 
Consequently, in the presence of elastic stresses the magnetization process will 
be determined not only by the anisotropy energy but also by the behavior of the 
magnetoelastic energy. 

Whereas in the case of polycrystals, we can speak of zero magnetostriction 
in general, in the case of single crystals we can speak of zero magnetostriction 
only in a given crystallographic direction. 

From the two-constant formula for the magnetostriction of a single crystal 


3 { ene 2 9 1 
k= > Moo \oaee i a 5) + 3di11 (%1%28182 + 138,85 + Oo%33oB5) , 


it follows that the magnetostriction will be zero in the [100] direction when 
Aioo = O and in the [111] direction with },,, = 0. Zero magnetostriction in 
intermediate directions is possible if Ai1oo and iii1 have opposite signs. 

Let us find the direction of zero magnetostriction in a single crystal. We 
set X = O and a; = Bi. Then from the above magnetostriction formula we obtain 
the following equation in polar coordinates; 


4 

— (sin 20 — in ey ee A100 

z (sin 29 1) sin 8 ch, uO rs ape ae 

Solution of this equation 

shows that the \ = f() lines 
form a multiply connected re- 
gion of positive and negative 
magnetostriction on the surface 
of the single crystal sphere. 
The shape and connectivity of 
this region depend on the rela- 
tion between )Aioo and A111. 


Ag Fy Rigg Fay With )i00< — 3 Ai, the connect- 
Fig.1. Regions on a single crystal sphere with ivity equals 6; with dA100> 
positive and negative magnetostriction and — 3hi1 , it equals 8. There 
lines of zero magnetostriction. Squares - is an abrupt transition from 
points of emergence of [100] axes; triangles one connectivity to the other 
- points of emergence of (111) axes, shaded at the i100 = — 3A111 point. 


areas correspond to >, <0, light areas tox > 0. Fig.l shows the connective re- 
gion on the surface of a single 

crystal sphere, the tetragonal axis of which is perpendicular to the plane of the 
drawing. “s 

The longitudinal magnetostriction is zero along the contours of the regions. 
Incident to its magnetization in a direction of zero magnetostriction, the sphere 
does not undergo deformation, i.e., if the magnetostriction in all directions 
were zero, the magnetoelastic energy would also be zero. Actually, however, 
there are many directions of magnetization for which the sphere does undergo 
deformation. Let us determine the directions of magnetization associated with 
the minimal magnetoelastic energy. 

The potential energy of a cubic single crystal is given by 
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where c,;, Cj. and cy, are elasticity coefficients and the 1t;; are components of the 
deformation tensor. The deformation of a single crystal magnetized in «; direc- 
tion is described by the Akulov! anisotropy tensor: 


2 
(do + 483) A918 42883 
/ 
Q28281 (@) + 53) A28283 
2 
A838) A2S83S2 (4 + 4,53) 


If we express the constants a), a, and a, in terms of the magnetostriction 
parameters jo) and ),,, ,and substitute the components of the magnetostrictive 
deformation tensor into the formula for the potential energy, we obtain the 
following expression: 


— 81 3 2 9 2 “ it 2 9 9.9 9 
i (F Nvo0% + 18h, oC) a ia (— Ayo F Atoo“s2 + ay, (sgs3 + sis3 + S{S2). 


Let us assume that the anisotropy energy is zero and find the potential 
energy for different values of j1oo and Ai. 

1. Let dino = O and ),,,4 0. The energy W will be minimal (W = 0) when the 
spontaneous magnetization vectors are aligned with the cube edges (a; = 0, 

a; #0 and g, #0). This means that in this case there is no change in the 
shape and size of the sphere. Hence the directions of easy magnetization will 
be the directions of the cube edges. The permeability maximum will correspond 
to )hi00 = 0. According to Bozorth2, in Ni-Fe alloys with 45% Ni, in which )ioo = 
= 0, there is observed a maximum of the initial (and maximum) permeability. 

2. Let i311 = O and dioo #4 O. In this case the energy W will be minimal with 
s? = 88 =s3 = 1/3, inasmuch as (,, and C,,>0 and Ci>Ciz. Hence in this case 
the directions of easy magnetization will be those of the cube diagonals. The 
permeability peak observed for Ni-Fe alloy with 78% Ni can be explained by the 
fact that at this concentration )111 is very small;3 moreover the anisotropy con- 
stant is also small and negative. 

According to the data of Bozorth® for Ni-Fe alloys hioo< 0 in the Ni concen- 
tration range from 100 to 83%, i100 >0 in the 83 to 45% Ni range, id111<0 in the 
100 to 81% Ni range and })111.>0 in the range of Ni concentrations below 81%. 
Upon the addition of a third component (for example, Mo) to the binary alloy, 
the concentrations corresponding to zero values of Aioo and i111 are shifted into 
the concentration triangle, forming boundary lines along which )ioo = )111 = 0. 

In the middle, between these boundary lines, A1oo and A111 will have opposite 
signs. Hence the line of zero magnetostriction of a polycrystal must be located 
between these two boundary lines. This will obtain for the condition }, = 


— 2Aro0 + 3A 3 
— ee = 0; i.e., when Ax00 = 5 Aun: 


It was shown in Ref.5 that if one takes into account the capacity of Ni-Fe- 
-Cr alloys for ordering, the conditions necessary for the anisotropy and magneto- 
striction constants to be zero are fulfilled not at a single concentration but at 
a series of concentrations located along a line segment in the diagram. An ana- 
logous situation obtains in another important system of alloys, namely, Ni-Fe-Mo. 
It should be noted, however, that in alloys of the Cr Permalloy type the process 
of ordering occurs with formation of long-range order, whereas in Mo Permalloys 
long-range order has not been detected. Apparently, the changes in many of the 
properties of Mo Permalloys induced by heat treatment are associated with short- 
range order processes. 
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How does the region of concentrations of al- 
loys with zero constants vary if one takes into 
account two magnetostriction constants for single 
crystals. 

With K = O and Aioo = O, the directions of 
easy magnetization will be the cube edges, while 
with iii. = O, they will be the cube diagonals. 

Hence in this case the region of concentra- 
tions with small or zero constants in a ternary 
Fig.2. Region of high perme- system will no longer be a line segment but a 
ability alloys in the Ni-Fe- quandrangle bounded on two sides by the lines 


-Mo system (y.-region). Kgisorder = 0 and Koyger = 9 and on the other two 
Solid lines - disordered sides by the lines )jo9 = O and A111 = O. This re- 
state; dashed lines - gion is shown schematically in Fig.2 (y-region). 

ordered state. The above arguments are based on the magneto- 


striction formula with two constants. Taking into 
account a larger number of constants should not alter the deductions significant]; 
in view of the smallness of the additional constants. 
The purpose of the present work was to investigate the magnetostriction of 
Ni-Fe-Mo alloys as a function of ordering and temperature. 


1. Measurement Procedure 


The magnetostriction measurements were made by means of a strain-gage bridge. 
As usual the bridge network comprised two active and two inactive resistances 
(50, 150 or 200 ohm). All four gages were mounted on a common base and the en- 
tire assembly was inserted into the Dewar which insured all the gages being at 
the same temperature. The active gages were cemented to opposite sides of the 
specimen. 

Inasmuch as the alloys under study were characterized by minimal values of 
magnetostriction (1076-10-7) a conventional indicator could not provide the re- 
quisite degree of accuracy. Hence the bridge output was connected to a special 
amplifying circuit consisting of a primary galvanometer, a differential photo- 
cell, a secondary galvanometer and alight flux stabilizing unit. In view of its 
high sensitivity this amplifying-indicating arrangement required careful shield- 
ing against electromagnetic interference and mechanical vibration, the use of 
long period galvanometers, temperature control, a stabilized current supply, etc. 
The operating current in the bridge was 2-3 milliamp. The strain gage resistors 
were made of 

a) beryllium bronze for measurements from -200 to +20°, 

b) SONKhIuD (80HXIOJ]|) nichrome for measurements from +20 to +500°, 

c) constantan for measurements from -30 to +100°. 

The strain sensitivity coefficient of beryllium bronze (after cold drawing 
to 30 uy) proved to be 3.9; that of nichrome after high temperature annealing in 
vacuum 0.40; that of constantan 2.05. Special tests showed that the strain gage 
coefficients varied very little with temperature. 

The use of beryllium bronze proved to be necessary owing to the appearance 
of ferromagnetism in constantan and nichrome at low temperatures with resultant 
galvanomagnetic and magnetostrictive effects in the gages themselves. 

Initially great difficulty was encountered in bonding the high temperature- 
~range strain gages to the specimens. None of the readily available varnishes 
and cements are suitable for use at temperatures up to 500°. After numerous 
experiments we found a cement that proved satisfactory up to +5009. By way of 
binder we used silicone electric insulating varnish; by way of filler a finely 
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powdered mixture of MgO, Alj03 and Ti0g or Ti0g alone. Actually, the adhesive 
made with titanium oxide was found to be stable up to 600°, provided only a thin 
coating was used. 

The high temperature gage grid was cemented onto a layer of cement previous- 
ly applied to the specimen. Lengths of copper lead were welded to the ends of 
the strain gage. 

For the low temperature experiments we constructed a special cryostat by 
means Of which it was possible to obtain all intermediate temperatures in the 
range from -196° to +100°. In this cryostat design the specimen with a suitable 
heater is enclosed in an evacuated glass tube; the entire assembly is lowered 
into the Dewar in which a constant level of liquid nitrogen is maintained. By 
sending a small current through the heater coil one can obtain any desired inter- 
mediate temperature and maintain it reasonably constant over the measurement in- 
terval. For the high temperature measurements the specimen and sample were 
mounted in an evacuated quartz tube. 

The low temperatures were measured by a copper-constantan thermocouple; the 
high temperatures by a chromel-alumel thermocouple. The thermocouple emf was 
read on a KL-48 voltmeter. The accuracy of temperature measurement was +0.5. 

The accuracy of the magnetostriction measurements was evaluated to be ~3% at low 
temperatures and 5% at high temperatures. The relative accuracy was 1-2%. 

The magnetostriction measurements were carried out in an IPS-1 electromagnet 
in fields of up to 17,000 oersted.” The linear magnetostriction was determined 
by extrapolation from the paraprocess (change of intrinsic magnetization) region 
to zero field. 

The polycrystalline forged Ni-Fe-Mo alloy specimens in the form of disks 18 
mm in diameter and 1 mm thick were subjected to the following heat treatments; 

1) heating to 1100°, holding for 3 hours, cooling with the furnace to 600°, quench- 
ing in oil, or 2) heating to 100°; holding for 3 hours, cooling with the furnace, 
heating to 500°, holding for 12 hours followed by step cooling: 12 hours at 490- 
-480°, 48 hours each at 470, 430, 420, 410, 400, 375, 350, 325 and 300° (total 

time 540 hours). 

In addition to the polycrystalline specimens, we investigated four single 
crystals, grown from a melt under vacuum and subjected to the same heat treat- 
ments. These were in the form of disks 11 mm in diameter and 3 mm thick. The 
disk surfaces were in the (110) planes. The measurements on the single crystals 
were carried out in two stages. The strain gages were cemented on in the [100] 
and [111] directions. Then preliminary measurements were made to determine the 
precise positions of the [100] and [111] axes. After this the main measurements 
were made, 


2. Measurement Results and Discussion 


The experimental data obtained for the polycrystalline specimens are shown 
in Fig.3. The solid lines indicate alloy concentrations with zero magnetostric- 
tion after quenching and after extended annealing (the second heat treatment). 
These lines were obtained by linear extrapolation of the experimental results to 
zero field. It will be seen that ordering leads to displacement of the zero line 
to the side of nickel by not more than 1%. 

More extensive data on the magnetostrictive properties of the Fe-Ni-Mo al- 
loys is yielded by the single crystal measurements. Below we give the magneto- 
striction constants of four single crystal specimens of alloys having composi- 
tions close to those characterized by zero magnetostriction. 
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Composition and magnetostriction of Ni-Fe-Mo single crystal specimens 


Compositi by wt. 
Specimen .—- omposition; % by _ Whe 
Nol heb Lew} onde Te 
’ t I 
1 | 81,0 3,50 | 
2. | -80,36 4,26 femain- 
3 | 84,0 | 2,69 
4 82,0 5,0 der 


% Fe 


=0 
extended 
annealing 


Fig.3. Magnetostriction of Fe-Ni-Mo alloys 
(polycrystalline specimens) after different 


heat treatments. 


=0 


As 
quenched 


The right hand arrows charac- 


terize the value X\, after quenching; the left 
hand arrows its value after extended annealing 
(the scale for the arrows is indicated in the 


upper left hand corner). 


“tax te 


5 ge 


Fig.4 
Fig.4. Zero magnetostriction lines for single crystal specimens of Ni-Fe-Mo al- 


loys: dashed lines - after annealing; solid lines - after quenching. 


LIX 


Table 1 
root 0° Aud Ot 

Quenchec} An— |Quenched’ An- 
|nealed | nealed 
|} +41 ,67 +1,12 —1,18 —0,89 
+2,77 +2,11 +0,125} +0,22 
—1,94 —2,12 —2,00 —2 ,34 
+0,85 | +0,63 —0,81 —0,45 


The positions of the zero 
lines ()i00= O and )y11 = 0) after 
quenching and annealing are shown 
in Fig.4. As in the case of poly: 
crystals these lines were obtain- 
ed by extrapolation of the experi- 
mental data (Table 1). Addition- 
al points at the edge of the Ni- 
-Fe triangle were taken from the 
experimental results of Bozorth3. 

As may be seen, in the case 
of single crystals as well, there 
is noticeable displacement of the 
zero lines as a result of order- 
ing (prolonged annealing). 

The possibility of modifying 
the magnetostriction constants 
and of changing the sign of these 
constants through alteration of 
the short-range order parameter 
(this is particularly important 
in the case of Ni-Fe-Mo alloys 
inasmuch as in them, as neutron 
diffraction studies® have shown, 


“talk. = Amy? 


IN KY 
si st OM, 


op 16 
% Fe 


Fig.5 


ws 


The fig- 


ures at the points correspond to the specimen numbers in Table l. 


Fig.5. Location of the p-region (hatched area) for alloys of the Fe- 


-Ni-Mo systen. 


quenching. 


Dashed lines - after annealing; solid lines - after 


- 1241 - 


long-range order is absent) follows from the work of Vonsovskii*. In this work 

it was shown that owing to interaction of atoms of different kinds there may ap- 
pear in an alloy constants with signs differing from those of the alloy compon- 

ent constants. 

We have also plotted in Fig.4 the zero lines for polycrystalline specimens. 
As might be expected these lines lie between the zero lines for single crystals. 

By plotting the zero lines (i100 = O and 2313; = 0) on the Ni-Fe-Mo system con- 
centration triangle, we can define the position of the p-region (see Fig.2). The 
w-region identified in this manner is shown in Fig.5. 

All the alloys with compositions in this region have physical constants that 
favor a high permeability. In practice this region may be somewhat larger; speci- 
fically, it may be extended to the side of higher molybdenum concentrations inas- 
much as increase of the molybdenum content tends to lower the constants of other 
alloy components. Moreover, more prolonged and perfect annealing will probably 
raise the upper boundary of the region to some extent. 

It is interesting to note that commercial Mo Permalloys lie outside the in- 
dicated u-region. For the purpose of comparison of the magnetic properties of 
Mo Permalloy and alloys in the u-region, we prepared toroidal specimens using 
exactly the same procedure. The specimens were given heat treatments insuring 
minimal values of the constants in the p-region. 


Table 2 
Temperature dependence of the saturation magnetostriction of polycrystalline 
specimens of alloys 82 and 86 


Alloy 82 Alloy & 
Quenched Annealed Quenched Annealed 
Te, Alreoo 1°, C Sx: 1°, C APE ere Mg 
| 
—194 1,26 —194 1,16 — 196 TAG —194 Bree 
— 145 Aydt =79 4) 44 +20 1,0 —125 Ais39 
+ 20 ag) ented Ayan 1 +70 0,91 —81 to30 
+115 Once +20 1,0 +184 0,64 +20 1,0 
+1177 OOF +86 0,91 +227 0,49 +167 OWS 
+276 0,40 } +-158 0,61 +305 O27 +253 0,54 
+287 0,28 + 202 0,54 +497 0,0 +280 0,50 
+244 0,45 
+340 0,36 
+380 0,28 
Table 3 


Temperature dependence of the magnetostriction ee eked of Fe-Ni-Mo alloy 
single crystals quenched from 600 


baaipcaiky Pat 
: No.| T ‘ 00 S108 
Sample No. recat 100 tu Sample No. isaac ‘a r: 
a SS a al dou) Moa) 3 Aaa) (int) 
—180 LOT —180 ihe 
—150 1,05 3 —116 4,02 
—113 12-05 —59 4,02 
+20 1,0 +20 1,0 
—180 1,33 —180 1,05 
—146 1,25 4 —152 1,05 
—95 1,08 —79 ne 
—59 1,08 +20 ,0 
+20 1,0 
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Measurements of the magnetic properties of the two specimens showed that in 
the p-region alloys they are higher than in Mo permalloy by a factor of ~1.5. 

Despite the fact that the magnetostriction of the investigated alloys is 
low (of the order of 1075) , we succeeded in investigating its temperature depend- 
ence. Table 2 gives the pertinent data for two polycrystalline alloys: Mo Perm- | 
alloy (alloy 82: 37% Mo, 18.1% Fe, rest Ni) and an alloy located in the p-region 
(alloy 86: 4.5% Mo, 14.25% Fe, rest Ni). 

The temperature dependence of the magnetostriction parameters of single crys- 
tals is similar to that of polycrystalline specimens (Table 3). 

In both single crystal and polycrystalline specimens the magnetostriction 
decreases monotonically with increasing temperature. We did not observe a change 
in sign of the magnetostriction constants even though the investigated alloys 
lie in the region of zero magnetostriction concentrations. 

On the basis of Vonsovskii's work* one can expect a change in sign of the 
magnetostriction constants with variation in temperature in cases when the signs 
of the constants of the alloy components and of the alloys are opposite and when 
the temperature variations of the constants are different. 

Apparently, the temperature dependence of the magnetostriction of the in- 
vestigated alloys in the region of elevated temperatures obeys Akulov's law!, 


T 
fa he 6 
where @ is the Curie temperature. 
Some deviation from linearity in our data is to be explained by ordering 
occurring at elevated temperatures during the period of measurement. 
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VOLUME MAGNETOSTRICTION IN IRON-NICKEL-MOLYBDENUM ALLOYS 
- I.M.Puzei, B.V.Molotilov & A. I,Rad'kov 


The volume magnetostriction of Fe-Ni-Mo alloys was investigated by means of 
the strain gage-bridge apparatus described in the preceding article.! ll the 
measurements were made on samples in the form of disks cut from forged bar stock. 
The disk specimens were magnetized in fields of up to 18,000 oersted. Particular 
attention was paid to insuring isothermal conditions since, as is known, adiaba- 
tic magnetization distorts the results of magnetostriction measurements owing to 
magnetocaloric effects. 

In order to check the sensitivity of our equipment we investigated the mag- 
netostriction of iron in the paraprocess range (range of high fields, where the 
change in intrinsic magnetization is due to rotation of the spin magnetic moments). 
It was found that in fields exceeding 3000 oersted the value of 0w/d// (w is the 
volume magnetostriction,equal to 3 times the linear and H is the magnetizing field) 
equals +4°10719 oersted7l. Kornetzki2 obtained a somewhat higher value, namely, 
+6°10-10, Careful investigation of the paraprocess magnetostriction of nickel 
showed that in contrast to iron the derivative for nickel is negative, i.e., 


a4 = -2.5-10-19 oersteda-l. 

The data in the literature on the magnetostriction of nickel are divergent 
and often Eo Slat pepe Thus, according to data reported in Vonsovskii's text3 
dw/AH +1.0:10779, while according to Azumi & Goldman? dw/dH = -0.55-10719, ive., 
there is a difference not only in absolute value but also in sign. 

High-field magnetostriction of permalloy type 
Compositions of investigated alloys was investigated on samples having the compo- 
Fe-Ni-Mo alloys sitions listed in the accompanying table, i.e., 
; compositions characterized by values of the techni- 
Alloy cal saturation magnetostriction close to zero. 
designation Mo Fe Ni The alloy samples were subjected to the fol- 
lowing two heat treatments: 
1) Heating to 1100°, holding for 3 hours, 


Composition; % by wt. 


77 0,81 18,90 cooling to 600°, quenching in water; 

a a0 talce 2) Heating to 1100°, holding for 3 hours, step 
81 3,05 15,45 © cooling in the range from 500 to 300° over a total 
= Stee iat g period of 540 hours. 

84 4,78 16.45 4 The field dependence of the magnetostriction 
85 4,80 13,40 By in alloys subjected to the prolonged annealing is 
- ey ores shown in Fig.1; that in quenched alloys in Fig.2. 
88 6,64 10,35 The value of dw/@// in these alloys was found to 
:. oe be of the order of 3-10-10 or lower. 


Alloys whose compositions lie close to the 
zero magnetostriction line on the nickel side! (see 
diagrams in preceding article) have a higher abso- 
lute value of 0dw/dH] in the quenched state than in 

the state after prolonged annealing. On the contrary, alloys lying close to the 
zero magnetostriction line on the iron side are characterized by a high absolute 
value of dw/dH after annealing. 

Furthermore, as may be seen from Fig.1, alloys lying close to the zero mag- 
netostriction line on the nickel side, like nickel itself, have a negative value 
Of dw/0H. 
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Fig.1. Field dependence of the magnetostriction } of a number of Fe-Ni-Mo alloys. 
Heat treatment - extended annealing. 
Fig.2. Field dependence of the Fe-Ni-Mo alloys after quenching. 
The figures at the curves correspond to the alloy designations in the 
accompanying table. 


The temperature dependences of the mag- 
netostriction of quenched and annealed samples 
of alloy 82 (3.7% Mo and 18.1% Ni) are shown 
in Fig.3. The value of dw/d// decreases with 
increasing temperature in both cases, but the 
temperature dependence is sharper in the an- 
nealed alloy. 

Knowing the sign of the volume magneto- 
striction, one can on the basis of the general 
thermodynamic relationship 


da Gas | A Spon 
aul 4 O208 1A Og 
hE NL? i PURE BEG (where x is the compressibility, /, is the 

Fig.3. Influence of temperature magnetic saturation and A is the mean value 
on the field dependence of the of the exchange integral) determine the sign 
magnetostriction in alloy 82: of (A/dw and, consequently, the position of 
a - after quenching: 1) +20°, the given alloy on the Bethe-Slater inter- 
2) -145° and 3) -180°; b - after action curve. 
extended annealing: 1) +20° and The isothermal volume magnetostriction 
2) -180°. in nickel is negative. Consequently, 04/dw 


is also negative. Thus the point for nickel 

must be located on the descending part of the Bethe curve. Decrease of the inter- 
atomic spacing in this case must increase the Curie point inasmuch as the mean 
value of the exchange integral in this case increases. This deduction is sub- 
stantiated by the results of measurements of the shift of the ferromagnetic Curie 
points with pressure”. 

In iron the volume magnetostriction is positive. Consequently, the point 
for iron must lie on the ascending part of the Bethe curve. 
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It is interesting to note that in the case of some of the alloys the volume 
magnetostriction changes sign as a result of ordering (for example alloy 86) or 
falls to zero (alloys 88, 89 & 90). Apparently, all these alloys lie in the re- 
gion of the maximum of the Bethe curve. The alloys that exhibit a change in sign 
of the volume magnetostriction as a result of different heat treatments lie in 
the vicinity of the zero linear magnetostriction lines!. Mo Permalloy as regards 
composition lies at a distance from these lines and its volume magnetostriction 


does not changes sign and, in fact, changes very little in value in going from 
the quenched to the annealed state. 
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MAGNETOSTRICTIVE PROPERTIES OF BINARY ALLOYS 
- G.P.D'iakov 


The theory of magnetostriction is one of the most important in the sciences 
of ferromagnetism. This is due to the fact that magnetostriction is a signifi- 
cant factor in calculating the hysteresis loss, in determining the coercive force 
and in investigating the influence of elastic stresses on different physical 
properties of metals and alloys. Recently, application of the magnetostrictive 
effect for the generation and detection of ultrasound has enhanced the interest 
in this phenomenon. Yet, although magnetostriction is such an exceptionally im- 
portant characteristic of ferromagnetic materials, it has until now been rela- 
tively little studied, particularly in single crystals. 

At first determinations of magnetostriction constants were carried out only 
on single crystals. However, in view of the great difficulty (or sometimes im- 
possibility) of obtaining alloy single crystals, it soon became necessary to de- 
velop a method for determining the magnetostriction constants A100 and hii1 from 
measurements on polycrystalline samples. 

This problem was solved by the writer in 1949 in connection with derivation 
of the law of approach to saturation of magnetostriction and other even effects.1 
According to this law, 


Bs 3. 8 ka Buen 984 ky 
= Ayo0 a 5 USS if eee 35 (Au eve 00) 1,H al (main A100 ot Bey: Ware ? 


a 11-13 “211 (1) 
where k, is the first anisotropy energy constant, /, is the magnetization at 
saturation and H is the applied magnetic field. 

At saturation, when the magnetizing field H may be regarded as infinitely 
high, we obtain from Eq.(1) the expression for the saturation magnetostriction 
deduced earlier by Akulov”: 


2, 3 
hs = = A100 1% re Agi (2) 


Factoring out i, in Eq. (1), we obtain 


aes A eB 
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8 k 
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ss 
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The regularities for magnetostriction deduced by the writer in Ref.1l per- 
tained to the case when there is no paraprocess. In the region of high fields, 
however, in addition to the process of rotation there may also occur the para- 
process. Akulov? took into account the influence of the paraprocess on even ef- 
fects. He showed that at temperatures not very close to the Curie point, the 
magnitude of an even effect, associated with the paraprocess, is linearly depend- 
ent on the magnetic field. The investigations of Belov? and others substantiated 
these deductions. Hence to make the law of approach to saturation more general 
it should be supplemented by the introduction of a term taking into account the 
influence of the paraprocess. Thus, instead of Eq.(3), for the general case we 
should write 


: 4 A B 
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where x,, is the magnetostrictive susceptibility associated with the paraprocess. 
Relationships (3), (4) and (5) make it possible to determine experimentally the 
values of hioo and i111, aS well as the magnetic anisotropy constant, by measuring 
the magnetostrictive susceptibility on polycrystalline specimens, i.e., allow us 
to dispense with the need for preparing single crystals. By means of this pro- 
cedure, we~ first succeeded in determining the values of the anisotropy constant 
for iron-nickel alloy and later the magnetostriction constants Aioo and }j1; of 
nickel9. 

The coefficients A and B in Eq.(3) may depend substantially on elastic stres- 
ses in the ferromagnetic material. The writer deduced expressions for these co- 
efficients for the two limiting cases, namely, when the stresses are diffused 
(wholly random orientation) and when the stresses are aligned with the direction 
of the magnetic field.© In some cases, however, expressions (4) and (5) prove to 
be inadequate. The exacting requirements now set for many magnetic materials, 
on the one hand, and the increasing refinement of experimental techniques, on the 
other, make it necessary to introduce a further term proportional to H~3 into 
Eq.(1) and to take into account the second anisotropy constant k,. In previous 
communications, the writer deduced relationships taking into account the second 
anisotropy constant’, a term proportional to H~3 and diffusely scattered elastic 
stresses.8 The results of these investigations made it possible to derive a more 
precise expression for the law of approach to saturation of magnetostriction and 
other even effects. 

In recent years there have been a number of investigations by foreign sci- 
entists devoted to magnetostriction in high fields. In 1954, five years after 
publication of the writer's first studies, Lee? carried out a theoretical analy- 
sis of the behavior of magnetostriction in the region of approach to saturation 
and arrived at the regularitiesl0 established earlier by the present writer. 

Soon thereafter, Néel11 took into account the influence of magnetic interaction 
on the behavior of magnetostriction in strong magnetic fields. This influence 
as inferred by Néel, however, appears to be exaggerated,as was pointed out by 
the writer in Ref.5. 

In the present report we give the results of a recent investigation of mag- 
netostriction in binary Fe-Ni alloys. These alloys have attracted the attention 
of investigators not only because of their practical utility but also owing to 
the unique variation of magnetostriction in theml2, The complex behavior of the 
magnetostriction in polycrystalline specimens is to some extent due to the dis- 
tinctive magnetostrictive characteristics of Fe-Ni single crystals in different 
crystallographic directions. Unfortunately, until now there has been no complete 
investigation of the magnetostriction in Fe-Ni single crystals. The magneto- 
striction in the [100] ,[110] and [111] directions in single crystals in the range 
of Ni concentrations from 30 to 100% was investigated by Lichtenberger1!3, who 
showed that the magnetostriction of single crystals in different crystallograph- 
ic directions differed not only as regards magnitude but also as regards sign. 
Moreover, there are two alloys with Ni concentrations of 50 and 86% in which the 
values of the magnetostriction along the three principal crystallographic direc- 
tions are equal. The anisotropy constant in these alloys has been thoroughly 
studied. The results of Puzei's basic studies!4 give us a good idea of the mag- 
nitude of the anisotropy constants and their variation depending on the composi- 
tion of the alloy and the heat treatment to which it is subjected. 

Thus the distinctive magnetostrictive properties of Fe-Ni alloys and the 
now available dependable data on their anisotropy constants lend interest to 
these alloys and make them particularly valuable for checking the regularities 
deduced by us theoretically. 
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For the purpose of our investigation, we took five specimens with nickel 
concentrations ranging from 40 to 100%. In preparing the specimens we used Armco 
iron supplied by the "Serp i molot'' (Sickle and Hammer) Plant and high purity 
electrolytic nickel. The specimens of the alloys containing 39.92, 79.3 and 89% 
Ni were prepared in the form of 7:70 ellipsoids; this axis ratio corresponds to 
a demagnetizing factor N = 0.256. The 59.78% Ni specimen was in the form of a 
rod 2.5 mm in diameter and 260 mm long. Finally, the specimen of pure electro- 
lytic nickel was in the form of a strip 150 x 10 x 0.1 mn. 

The heat treatments given the alloy specimens were similar to those used by 
Puzei for single crystals. Our use of the same heat treatments was dictated by 
the fact that the anisotropy constant depends substantially on the heat treatment. 
Hence for each alloy we took the anisotropy constant pigeays igieceiegs to the given 
type of heat treatment. 

In the case of the pure nickel specimen it was necessary to select the an- 
nealing temperature so as to fully remove the cold-rolling texture. This tem- 
perature in principle may vary from 300 to 600° depending on the degree of re- 
duction realized in rolling. We analyzed the texture (to check for absence of 
cold-rolling texture) by recording torque curves on a magnetic torquemeter. 

The magnetostriction measurements were made by the strain gage-bridge pro- 
cedure. The indicator in the bridge diagonal was a photoelectrooptical ampli- 
fier. Use of this amplifier greatly enhanced the sensitivity of the set-up and 
thus made it possible to measure the magnetostrictive susceptibility with great 
accuracy. 

Knowing the magnetostrictive susceptibility d\/dH of the polycrystalline 
material one can readily determine the constants )ioo and A111 . Differentiating 
(3) with respect to the field, we obtain 
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Multiplying both sides of (7) by H? and substituting the values of A and B 
from (4) and (5), we obtain 
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It will be evident from Eq.(9) that the magnetostrictive susceptibility 
multiplied by H? should vary linearly with 1/H. The experimental results, which 
are plotted in Fig.1, show that the magnetostrictive susceptibility in the region 
of approach to saturation actually is a linear function of 1/H. The ordinate at 
the point of intersection of the straightline plot with the vertical axis gives 
us a, the first term in Eq.(9), while the slope of the straight line gives us ). 

The respective numerical values are @=-50-10-5 and $= -1.4:1071, 

Assuming ik, = 5-104 erg/cm3 and /, = 500 gauss and taking the above values 
for a and b, we readily obtain by substituting in Eqs.(10) and (11) 100 = -49*107-6 
and hii = -27-1076, 
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Unfortunately, there 
have been few measurements 
of magnetostriction in 


a) the region of approach to 

“Ss Saturation. The only tho- 

S|8¥ $ rough investigation is 
auret that of Lee!5 who used 


nickel strips annealed at 


4 D0 B® 8 W 8 820° for 4 hours followed 


4 _-I Lona 
yl Oe he Yd by cooling at the rate of 
Fig.1 Fig.e 100° per hour. The fact 
Fig.1. Experimental variation of (d\./dH) H2 with 1/H that Lee gives no tabular 
for nickel. data hampers comparison 
Fig.2. Variation of (d\/dH)H* as a function of 1/H for of his experimental re- 
nickel plotted on the basis of Lee's datal5, sults with our theory. We 


&0 mn 
Ni, % 
Fig.3. Variation of the 

magnetostriction con- 
stants ),,, and Ai with 
the Ni content in Fe-Ni 
alloys calculated from 
the data of different 
investigators: 1 - 
Lichtenberger, 2 - Lee 
and 3 - the author. 


were therefore forced to 
pick values off his curves in order to plot the varia- 
tion of (d\/dH)H* shown in Fig.2. Then using the verti- 
cal axis intercept and the slope of the straight line 
as in the preceding case, we computed the values of )1oo 
and i. They proved to be -41-10-§ and -33-10-6, re- 
spectively. 

The minor differences between our values for the 
constants and those derived from Lee's measurements may 
be attributed to differences between our respective 
specimens as regards purity and heat treatment inasmuch 
as both these factors exert a considerable influence on 
the magnetostrictive susceptibility. 

The magnetostriction constant of the enumerated 
alloys were determined in the. same manner as for pure 
nickel. The results are given in Fig.3 together with 
the data of Lichtenberger!3 for purposes of comparison. 

It will be seen that our results for djoo and dis 
deriving from measurements on polycrystalline specimens 
are in good agreement with the results of Lichtenberger. 
The greatest divergence occurs for the alloy with 39.92% 
Ni. Here apparently one should take into account more 
fully the contribution of the paraprocess to the magneto- 
strictive susceptibility. It is evidently desirable to 
carry out further measurements on this alloy both in 


stronger fields and at low temperatures. 
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DEPENDENCE OF THE SENSITIVITY OF MAGNETOSTRICTIVE ULTRASONIC DETECTORS ON 
THEIR MAGNETIC CHARACTERISTICS 
- Ia.S.Shur, M.G.Luzhinskaia, K.B.Vlasov, 0.I.Shiraeva & V.A.Zaikova 


1. According to theoretical calculations!~3 the sensitivity of a magneto- 
strictive detector is related with the magnetic characteristics of the material 


by a 


Cm 3B ; (1) 
a 
emax ~ #_ (Bypt) 7 (2) 
= Ss 
As 
€max —— PCr s , (3) 
s 
where e¢ is the sensitivity, wu is the apparent permeability, X is the magneto- 


striction, B is the induction, 4; is the saturation magnetostriction, /, is the 
saturation magnetization, », is the initial permeability and e,,, is the maximum 
sensitivity of the detector obtaining at a certain optimal value of the polar- 
ization induction Bop. 

Eq.(1) characterizes the variation of the detector sensitivity with the in- 
tensity of the constant magnetizing field (or the corresponding induction); Eqs. 
(2) and (3) are valid for the maximum values of the sensitivity of a sound de- 
tector made of the given material, obtained at the given optimum polarization 
Bopt: 

Up to the present there have been few attempts to verify these formulas ex- 
perimentally. The purpose of the present work was to check the validity of these 
theoretical relationships and to evaluate the possibility of utilizing them for 
the selection of materials for magnetostrictive sound receivers on the basis of 
the known magnetic properties of different materials. 

2. For the purposes of our investigation we chose materials with markedly 
different magnetic properties, namely, nickel, Permindur, 66 Permalloy, iron- 
-chromium alloys containing from 10 to 30% chromium and iron-aluminum alloys con- 
taining from 9 to 15% aluminum. The alloys were rolled into ribbons 0.1 mm thick 
and subjected to different heat treatments. Ring-shaped specimens were used for 
obtaining the magnetization curves and hysteresis loops. Specimens in the shape 
of disks were used to obtain to magnetostriction and magnetization curves. These 
data were used to deduce the ) vs B curves, from which, in turn, we obtained the 
2X/8B vs B curves by graphic differentiation. 
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The receiving sensitivity was determined using 
specimens in the form of tubes 30 mm in diameter and 
140 mm in length. The acoustic pressure in the test 
basin was provided by a magnetostrictive radiator 
supplied from a noise generator. The electromotive 
force induced in a coil surrounding the tube was 
taken as the measure of the detector sensitivity. 
The sensitivity measurements were comparative, i.e., 
the emf induced in the coil surrounding a given 
specimen was referred to the emf obtained under the 
same conditions for a“standard" specimen. These same 
tubular specimens were used to measure the internal 
impedance (the coil inductance was subtracted) which 


6 I was then used to calculate the ac permeability »_ 
H, Oe of the material. 
Fig.1. Variation of the The sensitivity and internal impedance measure- 
sensitivity ¢ of a mag- ments were carried out at frequencies from 6 to 30 kc. 
netostrictive detector At each frequency we determined the variation of these 
with the constant field quantities with the intensity of the polarizing field. 
H for two specimens of The value of »_ corresponding to a given frequency 
Permindur: 1) specimen and polarization was measured at the same alternating 
tempered at 800°, He = induction that obtained in the specimen in measuring 
= 1.6 oersted, 2) tem- the sensitivity at the given acoustic frequency and 
pered at 690°, H, = 16 with the given polarization. 
oersted. 3. The measurements showed that the investigated 
alloy specimens after different heat treat- 
aA ments are characterized by markedly differ- 
yay) o~ a8 ent magnetic properties (/, varied from 495 
1500+ 03 150 to 1830 gauss, »» in the range from 200 to 


2100 gauss/oersted and i, in the range from 
7 to 84-10-6) and different sensitivity val- 
ues (the range of variation was 1 to 10). 

0 By way of illustration in Fig.l, we re- 
produce the sensitivity vs magnetizing field 
curves for two Permindur specimens subjected 
to different heat treatments. These speci- 
&0 mens were characterized by close values of 
I, and ),, but differed markedly as regards 
uo. AS will be evident from the figure, one 
can obtain higher values of the sensitivity 


1000 02 


w00- QI 


0508 700 at faa. for the specimen tempered at 800° as compared 
& bs with that tempered at 700~. Moreover, the 
Fig.2. Variations of »_ (1), ™% peak sensitivity values are obtained in weak- 
, ae er fields in the case of magnetically softer 
(2) and be oh (3) with the in- specimen. Among the investigated materials 
the following are characterized by the high- 
duction B for 66 Permalloy. est sensitivity values: Permindur annealed 


at 800-900°C, quenched Fe-Al alloy with 15% 
Al and 66 Permalloy. 

Fig.2 shows the B-dependences of uw. measured at 15 kc, od/dB and the pro- 
duct u~(9,/9B) for 66 Permalloy. According to Eq.(1), this product should be pro- 
portional to the sensitivity of the detector; it will be seen from the figure that 
the maximum in the curve is obtained at an induction of 9300 gauss. The sensi- 
tivity measurements showed that the maximum sensitivity value for a 66 Permalloy 
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detector is obtained at an induction of 

9800 gauss (see arrow in Fig.2). Thus, in 
agreement with the theoretical formula (1), 
the value of the induction corresponding to 
maximum sensitivity is virtually identical 
with the induction at which the u_(a/aB) 
curve peaks. Similar results were obtained 
for the other alloys. Thus from the magnetic 
characteristics one can determine the polar- 
ization fields necessary for optimum polar- 
ization of an ultrasonic detector of the 
given material. 


Fig.3. Variation of the maximum In Fig.3 we have plotted the sensitivity 
sensitivity ¢max with TA CW ALS €max at optimum magnetization against 

for 1) Ni annealed at 1050°, 2-6) Uo(d,/1, ) (see Eq. (3)) for all the investi- 
Permindur annealed at 600, 690, gated alloy specimens. Although there is an 


800, 900 and 1000°, respectively, appreciable scatter of the points, one can 
7) 66 Permalloy annealed at 1050°, discern a consistent relation between these 
8-13) Fe-Cr alloy with 14, 18, 20, two quantities. A similar scatter within 
24, 27 & 30% Cr annealed at 1100°C, limits is obtained in plotting ¢max against p_ 
14) Fe-Al-Cr alloy with 9% Al and Bopt Ors 1s) for different materials. 
5% Cr, 15) Fe-Al alloy with 12% Al, Measurements of the specific sensitivity 
16) Fe-Al-Mn alloy with 15% Al and) Y¥max = ¢max/W/Z showed that the ¥max ratio for 
3% Mn, 17) Fe-Al alloy with 15% Al different materials may differ appreciably 
(alloys 14 through 17 annealed at from the e,,, ratio. Thus the 7may ratio for 
1000°) ; 18-20) same alloys as 15- nickel and Permindur is close to unity, where- 
-17 but quenched from 700°, as the @max ratio is 0.4. This is explained 
by the fact that the é¢max ratio depends on 
ratio of the permeabilities of the materials, while the 7m,, ratio depends on the 
ratio of the square roots of their permeabilities. 

It should be noted, however, that in design of ultrasonic detectors, y is 
calculated on the basis of Z for the receiver, which includes not only the Z of 
the material (as in our case) but also the Z of the receiver winding. 

4, Thus the experimental data show that the variation of the sensitivity of 
an ultrasonic detector with the magnetic state of the material is correctly de- 
scribed by Eq. (1). 

Eqs.(2) and (3), characterizing the maximum sensitivities of detectors of 
different alloys, while generally valid, are not precise relationships. Possibly 
one of the reasons for the disagreement are errors in experimental determination 
of the different parameters involved. It follows from our results, however, that 
by means of Eq.(3) one can arrive at an approximate relative evaluation of the 
sensitivity of different materials if the values of »p,, 2, and /, are known. 

The results of the present investigation are described in greater detail in 
Ref.3. 
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MOLYBDENUM INDUCED MODIFICATIONS OF THE STRUCTURAL TRANSFORMATIONS IN PERMALLOY 
- Iu.S,Avraamov, B.G.Livshits & V.B.Osvenskii 


It has been definitely established that in binary Fe-Ni alloys close in 
composition to classical Permalloy (78.5% Ni) there forms in a certain critical 
temperature interval superstructure of the Ni3Fe type with resultant modification 
of the physical properties of the alloy. 

In Permalloys to which molybdenum has been added, appropriate heat treatment 
leads to an unusual (for an ordering alloy) change in properties. There are a 
number of different views in the literature regarding the nature of this trans- 
formation in Permalloys doped with over 1% molybdenun. 

Some investigators!-3 have concluded that the process occurring in Fe-Ni-Mo 
alloys is also essentially ordering and that the Mo acts only to retard this pro- 
cess. Other authors4»° infer that tempering of quenched Fe-Ni-Mo alloys at 400- 
500° leads to the formation of a distinctive state different from the ordered 
one, a state characterized by higher resistivity. Inasmuch as the alloys in 
question are in the single phase region of the alloy diagram, there is no separa- 
tion of a new phase. Lifshits & Ravdel'® suggested that in Mo Permalloy in the 
critical temperature interval there occur processes identical with those dis- 
covered by Thomas® in nichrome. Hence these authors, following Thomas, have 
called this distinctive state in Fe-Ni-Mo alloy the ''K-state’’. They conclude 
that there form in the alloy atomic segregations (zones) with the participation 
of molybdenum and possibly iron atoms. The increase in resistivity is presumably 
due to the fact that the conduction electrons undergo additional scattering in 
these zones, the dimensions of which are of the same order of magnitude as the 
free path length of the conduction electrons. 

In the present work we have attempted to elucidate the nature of the struc- 
tural transformations in Fe-Ni-Mo alloys; as well as to define the critical tem- 
perature interval for these alloys, on the basis of measurements of the resisti- 
vity, hardness and the temperature dependences of the internal friction and 
saturation magnetization. 


Experimental results and discussion 


We investigated four alloys, the chemical compositions of which are listed 
in the accompanying table. 


Composition, % 


Alloy 

No. Ni | Fe Mo C 
4 7506 D4rAb = 0 ,0094 
2, 76,80 Bano 4,04 0, 0094 
3 74,50 20,95 3,08 0,0093 
4 76,00 18,80 faye lbe 0,0092 


In order to determine the temperature interval in which the transformations 
occur in these alloys, we measured the electric resistivity in the process of 
heating and cooling.* 

When alloy 1 is heated after quenching there is observed a decrease of its 
resistivity in the temperature interval from 250 to 450°; this is connected with 


*The experimental procedure and the results obtained for the temperature 


_dependences of the resistivity, hardness and saturation magnetization are fully 


described in Ref.7. 
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the formation of superstructure. In alloy 
4 under the same conditions, the resistivity 
increases in this temperature interval, 
which is evidence of formation of the K- 
state in this alloy. This substantiates the 
results of Lifshits & Ravdel'.5 

Fig.1 shows the variation of the resis- 
tivity of quenched alloys 1 and 4 as a func- 
tion of the tempering temperature. It will 
be seen that the critical temperature inter- 
vals for the formation of superstructure and 
of the K-state coincide and that both pro- 
cesses take a certain time, which indicates 
that they are diffusive. The presence of 
an intermediate step in the 400-500° interval 
in the curve for alloy 1 (Fig.1,a) may be 
interpreted as being due to the existence 
of two ordering stages in this alloy. 

Our hardness measurements proved that 
the hardness of the alloys increases as a 
result of both ordering and formation of the 
K-state. The change in hardness of alloy 2 
(1% Mo) incident to heating in the critical 
temperature interval indicates that in it 
there occur both ordering and formation of 
the K-state. Inasmuch as both these proces- 
ses effectively increase the hardness, when 
Fig.1. Variation of the resistivity they are superimposed, the hardness of the 
o with the tempering temperature t alloy is appreciably enhanced. On the other 
after quenching for different tem- hand, the effect of ordering and formation 
pering times: a - alloy 1 (Ni3Fe), of the K-state on the resistivity are op- 


b - alloy 4 (5% Mo). Tempering posite; hence they tend to compensate each 
times; 1) 10 hours, 2) 3 hours, 3) other in the alloy with 1% Mo so that the 
1.5 hours, 4) 30 min, 5) 10 min. resistivity changes little incident to tem- 


pering. Thus it will be seen that the tran- 
sition from ordering to the K-state with increasing molybdenum content occurs 
gradually in the investigated alloys. 

We also determined the influence of heat treatment of alloy 4 on the tempera- 
ture dependence of the saturation magnetization and on the Curie point. After 
tempering at 400°, a bend appears in the magnetization vs temperature curve; in 
addition, the Curie point is raised somewhat (Fig.2). This is in agreement with 
the results of Dekhtiar.8 The inflection in the curve is not in conflict with 
the inference that there are present in the molybdenum-containing alloy zones 
(segregations) having their own Curie point, different from that of the main 
solid solution. Analysis of the results obtained in an earlier study by two of 
the present authors’ showed that in case of tempering at the temperature of K- 
state formation there form in the Fe-Ni-Mo alloy Heine-Preston type zones con- 
taining Mo atoms. 

In investigating the transformations in Fe-Ni-Mo alloys, we also used measure- 
ments of the internal friction. This approach is based on the fact that the dia- 
meter of the Mo atoms entering into the substitutional solid solution is appreci- 
ably different from the diameter of the Ni and Fe atoms. According to the data 
in the literature9, in such solid solutions there may appear an internal friction 
peak associated with ordering in a stress field. 


is0 320 & 


Fig.2. Influence of 
tempering time T at 
400° on the temperature 
dependence of the sat- 
uration magnetization 
Ig and on the Curie 
point @ of alloy 4 

(5% Mo). 
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The determinations of the temperature dependence 
of the internal friction during heating were carried 
out by the method of Ke Ting-Sui on the vacuum relaxa- 
tion tester in the Department of Physics in the Moscow 
Steel Institutel® (method of damping of free torsional 
oscillations). The measurements were carried out on 
wire specimens 0.8 mm in diameter and 30 mm in length. 
The specimens were heated to a maximum temperature of 
7509; the heating rate was 50° per hour. The measure- 
ment temperatures were maintained constant to within 
+0.2° by means of a thermostat. The potentiometric 
temperature measurements were accurate to within +0.5°. 
A vacuum of 10-4-10-5 mm Hg was maintained during the 
time of measurement, which protected the specimens from 
oxidation and reduced external friction losses to a 
minimum. Concurrently with the internal friction 
measurements, we measured the temperature dependence 
of the modulus of elasticity in shear. The free oscil- 
lation frequency was measured directly and then the 
square of the frequency was plotted against the tempera- 
ture. The measurements were carried out at a frequency 
of 0.8 cps (at room temperature). The“initial" state 
was arbitrarily taken to be that obtained in quenching 
from 1050° in water. 

The full curve characterizing the temperature de- 
pendence of the internal friction in a quenched specimen 
of alloy 1 is shown in Fig.3. It will be seen that the 
internal friction remains virtually constant up to 380°. 
The high temperature part of the curve, where the intern- 
al friction begins to increase with increasing tempera- 
ture, begins at 380°. At 700° the damping was so strong 
that it was difficult to measure. There is a pronounced 
bump in the high temperature part of the internal fric- 
tion curve in the 595-665° interval. This bump is a 
result of surposition of a peak on the background repre- 
sented by the dashed line. The character of this peak 
E does not change with changes in molybdenum content. 

On the basis of the data in the literature we inferred 
that this peak might be associated 
with viscous behavior of the grain 
boundaries. To check this infer- 
ence it was obviously necessary to 
determine the influence of grain 
size on this peak. To this end a 
specimen was treated to induce grain 
growth, namely, heated for 40 hours 
at 1000° after preliminary critical 
reduction. The resultant grain size 
«+Fig.3. Temperature dependence of 
the internal friction obtained for 
a quenched specimen of alloy l 


(Ni3Fe). 
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was several times larger than in the ini- 
tial state. Measurements of the internal 
friction showed that with increasing grain 
size the peak E was shifted to the side of 
higher temperatures. This is in agreement 
with the data of Ke Ting-Suill and proves 
that this peak is associated with grain 
boundary viscosity. 

Similar curves with a bump were ob- 
tained as a result of measurements on al- 
loys containing molybdenum. The influence 
of molybdenum on the internal friction is 
Fig.4. Influence of molybdenum on the evinced only in the low temperature part 


temperature dependence of internal of the curve. Hence in Fig.4, which il- 

friction in quenched Fe-Ni-(Mo) al- lustrates the influence of Mo on the tem- 
loys. Mo content: 1) 0, 2) 1%, 3) perature dependence of internal friction, 
3%, 4) 5%. All measurements per- the high temperature portion of the curve 
formed at a frequency of 0.8 cps. has been omitted. 


It will be seen that the curves for 
all the investigated alloys start with a falling section which extends from 15 
to 30-50°, The reason for this decrease is not known. 

In alloy 2 (1% Mo) the internal friction in the 50 to 200° interval is 
higher than in alloy 1 (no Mo). The curve exhibits two peaks: one in the region 
of 85° (peak A); the other at 170° (peak B). Within the 100 to 150° interval 
there is apparently superposition of the wings of both peaks; hence the internal 
friction does not fall to the level characteristic of the alloy with no molybden- 
um. The height of these peaks above the background is 8%, which is appreciably 
more than the experimental error. 

In the case of alloy 3 (3% Mo) we again have two peaks at approximately the 
same temperatures. Here the height of the peaks has increased to 19%. The dip 
between the peaks is less pronounced. The peaks are still higher for alloy 4 
(5% Mo); peak B is particularly prominent and rises 27% above the background. 

In view of the relatively low height of the peaks, we were not able to deter- 
mine their precise configuration. However, in all cases a maximum of the intern- 
al friction was observed at 170° (peak B), and a second maximum (peak A) at 85° 
was observed for almost all the specimens. In addition, it is clearly evident 
that the height of the peaks increases with increasing molybdenum content. This, 
in conjunction with the fact that there are no peaks evident in the curve for al- 
loy 1, proves that these peaks are associated with the presence of molybdenum 
atoms in the solid solution. 

The existence of two internal friction peaks indicates that there occur in 
the alloy two different processes with different relaxation times. Where our 
immediate problem is concerned, however, the precise configuration of the peaks 
is unimportant; what is important is that there is a rise of internal friction 
associated with Mo atoms. Hence to avoid controversy and simplify the discus- 
sion we shall hereinafter speak of a double peak. 

To show that the double peak is not due to intrusion of carbon atoms, we 
subjected a specimen to a carbonizing treatment which increased the carbon con- 
tent to 0.3%. For this specimen we obtained a clear internal friction peak at 
260°, obviously associated with the presence of C atoms in the solid solution. 

It may therefore be safely concluded that peaks A and B are not due to the pres- 
ence of carbon in the solid solution. 
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The double peak could also be due to some 
deformation effect. To check this possibility 
we carried out measurements on deformed speci- 
mens (95% deformation in cross section). In 
the case of all alloys there appeared a new 
peak at 220°, Consequently, the double peak 
is not due to deformation. 

Further we investigated the influence of 
5 heat treatment on the height of the double peak. 


q « if 20 b 3 To this end quenched alloys were tempered at 350 
Fig.5. Influence of tempering and 400° for 6 and 12 hours. These temperatures 
at 400° on the temperature and tempering times were chosen on the basis of 
dependence of the internal the kinetic resistivity curves for the given 
friction in alloy 3 (3% Mo). alloys. 

Measurements made at a fre- Fig.5 shows the temperature dependences of 


quency of 0.8 cps. 1) quenched internal friction obtained for two specimens of 
specimen, 2) specimen tempered alloy 3: one for a quenched specimen, the other 
at 400° for 12 hours. for a specimen tempered for 12 hours at 400°. 

It will be seen that the characteristic double 
peak disappears after tempering. Thus tempering of quenched Fe-Ni-Mo alloys at 
the temperature of K-state formation eliminates the internal friction peak as- 
sociated with the presence of molybdenum in the solid solution. 

The above experimental results may be interpreted as follows. In the 
quenched solid solutions the Mo atoms are in a free state. Hence ordering, i.e., 
reorientation of the Mo atomic pairs (according to the Zener model), readily oc- 
curs under the influence of an external stress. When the alloy is subjected to 
heat treatment inducing the K-state, there form in it Heine-Preston type zones 
containing Mo atoms. The alloy then behaves as though there occurred intraphase 
segregation within it. As a result the Mo atoms are no longer in the free state 
and hence cannot participate in ordering under stress; consequently, the internal 
stress peak first diminishes and then with continued tempering vanishes entirely. 

Thus the results of our internal friction measurement show that incident to 
formation of the K-state the Mo atoms are taken out of the solid solution. Pre- 
sumably, as a result of tempering, there form in the solid solution zones con- 
taining higher concentrations of Mo atoms and differing in composition from the 
main solid solution. 

Investigations of the temperature dependence of the modulus of elasticity 
of Fe-Ni-Mo alloys showed the modulus increases upon formation of the K~-state. 


Metallography Laboratory 
"T.V.Stalin" Moscow Steel Institute 
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ANISOTROPY OF THE COERCIVE FORCE IN MAGNETICALLY ANISOTROPIC 
FINE-POWDER SPECIMENS 
- E.V.Shtol'ts, Ia.S.Shur & G.S.Kandaurova 


One of the most important characteristics of ferromagnets is their magnetic 
structure. Experimental investigations of this structure, which is of great in- 
terest from the standpoint of the theory of ferromagnetism, may be carried out 
either by direct observation or by studying the several attributes of ferromag- 
nets that depend on the magnetic structure. In the case of finely powdered 
materials the former procedure is difficult or impossible and hence the latter 
must generally be used. 

One can obtain the clearest idea of the magnetic structure of particles if 
the investigated specimens are single crystals or pseudo-single crystals, i.e., 
uniaxial in the sense that they consist of a large number of crystallites with 
their easy magnetization axes oriented in the same direction. In particular, 
for such specimens one may expect a definite correlation between the anisotropy 
of the coercive force and the magnetic structure. The primary purpose of the 
present work was to verify this correlation experimentally. 

Specifically, we carried out measurements of the coercive force on magneti- 
cally uniaxial specimens of powders of the following materials: cobalt, Mn-Bi 
alloy, magnetite and y-iron oxide. The Mn-Bi alloy was prepared by heating at 
300° and 550°; inasmuch as the values of the coercive force for the alloys ob- 
tained at these temperatures were ~1000 and 100 oersted, respectively, we shall 
hereinafter refer to them as the "high-coercivity" and "low-coercivity” Mn-Bi 
alloys. The MnyBi alloy and cobalt powders were prepared by mechanical grinding; 
after pulverization the cobalt powder was annealed at 6009.1 The particle size 
of these powders varied from about a millimeter to several microns (the particles 
were uniaxial). The magnetic uniaxiality of cobalt and Mn-Bi alloy particles is 
due to crystallographic anisotropy. The magnetite and y-iron oxide powders were 
prepared chemically in the Sound Recording Institute. These powder particles 
were needle shaped, hence magnetically uniaxial. The length of the long axis of 
the magnetite and y-iron oxide particles from different batches varied from 
about one micron to a fraction of a micron. The investigated specimens were pre- 
pared in the form of disks with artificially produced magnetic texture. To ob- 
tain the texture the powder was thoroughly mixed with a suitable binder and the 
mixture allowed to set in a magnetic field between the poles of an electromagnet. 

Fig.1 shows the angular dependence of the coercive force for powder speci- 
mens of the different materials. The horizontal scale is laid off in values of 
@, the angle between the direction of the magnetic field applied in preparing 
the specimen (the texture axis) and the direction of the magnetic field during 
measurement. The vertical scale is laid off in values of the ratio of the co- 
ee i0n force H, at the given m to the coercive force along the texture axis, i.e., 

: It will be seen that in the case of the cobalt specimen composed of 4y parti- 
cles (curve 1), the coercive force increases with increasing angle, attains a 
maximum value at m ~ 70° and then decreases somewhat. The value of He in the di- 
rection perpendicular to the texture axis (p = 90°) is larger than the value in 
the direction of the texture axis (p = 0°). The p-dependence of He, of the magne- 
tite specimen composed of 0.5 y particles is similar (curve 2); in this case, 
however, the anisotropy of Hg is less pronounced and the maximum in the Hg vs 
curve lies at a lower value of . In the y-iron oxide powder specimen, formed 
of particles measuring from 0.1 to 1.0 wy, He at first increases up to @ ~ 50° 
and then decreases (curve 3). It will be noted that in this case H, in the di- 
rectional normal to the texture axis is smaller than H, along the texture axis. 
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Fig.1. Angular dependence of the coercive force determined for magnetically an- 
isotropic specimens of different powdered materials: 1 - cobalt (particle size 
- 4), 2 - magnetite (0.5 uw), 3 - y-iron oxide (0.1-1.0 uw), 4 - high-coercivity 
Mn-Bi alloy (9 1). Dashed lines - theoretical curves: a)for a single domain and 
b) for a multiple domain structure. 
Fig.2. Angular dependence of the coercive force in specimens of low- 
coercivity Mn-Bi alloy; particle size: 1 - 30 pw and 2 - 90 un. 


The specimen composed of 9 yw particles of high-coercivity Mn-Bi alloy exhibits 
an entirely different variation of H, with o: in this case H, consistently de- 
creases with increasing @ and the value of Hg in the m = 90° direction is much 
smaller than its value along the texture axis. 

Thus it will be seen that the angular dependence of Ho may differ appreci- 
ably in textured specimens prepared of magnetically uniaxial powders. 

For purposes of comparison, we also show in Fig.l the theoretical curve for 
Hees f @ calculated for a single domain (a) and a multiple domain (b) magnetic 
structure. Curve a was plotted for the case of a uniaxial spherical particle 
with a large anisotropy constant on the basis of calculations of the hysteresis 
loop at different p.2 It will be seen that in this case He has a maximum-value 
along the texture axis; the curve at first falls off sharply, then levels off 
in the 30 to 60° interval and then again swings downward. At © = 90° He = 0. 
Calculations yield a similar @-dependence of H, for a geometrically anisotropic 
single domain particle of a material with weak crystallographic anisotropy.% 

The experimental curve closest to theoretical curve a is curve 4 obtained 
for the 9 uw particle high-coercivity Mn-Bi alloy. In the range of small @, how- 
ever, there is an appreciable difference between these curves. Consequently, 
the process of technical magnetization in directions close to the texture axis 
differs from the process of irreversible rotation of the magnetization vectors. 
Possibly the difference is due to the fact that the given alloy particles still 
do not have a true single domain structure. On the basis of investigations of 
other magnetic properties of powder specimens, it has hypothesized4 that such 
particles may have a distinctive domain structure consisting of one principal 
domain and several closure domains. In such particles, a decisive role in the 
process of technical magnetization is played by nucleation, growth and subsequent 
decrease or shrinking of the closure domains. The existence of this distinctive 
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structure has been substantiated by powder pattern studies.° 

In the case of a multiple domain structure the coercive force is theoretical- 
ly inversely proportional to cos 0.8 Consequently, the coercive force increases 
with @, becoming infinitely great as o—90° (curve b). In this case, however, 
the process of technical magnetization may occur through reversible rotations of 
the magnetization vectors so that He drops to 0. Hence in practice one may ex- 
pect a complicated o-dependence with H, passing through a maximum at some value 
of © between O and 90°. 

It will be noted that a dependence of this kind is observed for the cobalt, 
magnetite and y-iron oxide specimens (curves 1, 2 & 3). Apparently, the magnetic 
structure of these powders is largely a multiple domain one. However, the coer- 
cive force of these powders is appreciably higher than of the corresponding bulk 
material. Thus H, of cobalt powders with the indicated grain size is 96 oersted, 
while that of the initial material is only 20 oersted. The coercive force of 
0.5 pp particle magnetite powder is 314 oersted, while H, of bulk synthetic mag- 
netite is about 10 oersted’. It would appear therefore that the magnetic struc- 
ture of such particles already differs appreciably from the domain structure of 
the bulk material. Apparently, in this case the role played by closure domains 
in the process of technical magnetization is greatly enhanced even though each 
particle still presumably comprises several principal domains. Admittedly this 
inference is tentative and requires further verification by direct observation 
of the domain structure. 

In the case of the above described materials we did not observe any change 
in the character of the coercive force anisotropy with variation in particle size. 
The reasons for this are the following: a) the magnetite and y-iron oxide were 
investigated in only a narrow range of particle sizes; b) the high-coercivity 
Mn-Bi alloy had a high coercive force in its initial state and in its individual 
particles there already obtained the single domain (or nearly) structure (hence 
with increasing fineness only the number of particles with single domain struc- 
ture, rather than the relative proportion of such particles, increased); c) the 
particle size of the investigated cobalt powders was far from the theoretical 
critical size for transition from multiple to single domain structure; hence any 
variation in particle size within the given range could scarcely affect the char- 
acter of the H, anisotropy. 

We were able to observe variation of the H, anisotropy with decreasing parti- 
cle size in investigating specimens of the low-coercivity Mn-Bi alloy. The o- 
dependences obtained in this case are shown in Fig.2. In the case of the specimen 
composed of 30 uy particles (curve 1), H, decreases with increasing © over the 
entire range of angles. In the case of 90 u particles (curve 2) there is a slight 
increase of H, in the range from 0 to 45°; then at larger values of o the coer- 
cive force decreases, dropping to its lowest value at 9 = 90°, 

Consequently, in the case of the low-coercivity Mn-Bi alloy reduction of the 
particle size leads to a change in the magnetic structure that is clearly evinced 
in the appearance of the H, vs @ curve. 

It will be evident from the described results that data on the anisotropy of 
the coercive force in magnetically anisotropic ferromagnets, in addition to cer- 
tain other characteristics, can yield valuable information on the type of mag- 
netic structure. 
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CONCERNING THE TEMPERATURE DEPENDENCE OF THE MAGNETIC PROPERTIES 
OF HIGH-COERCIVITY ALLOYS 
- N.A.Baranova & Ia.S.Shur 


Introduction 


Our understanding of the physical nature of the high coercive force in 
magnetically hard ferromagnets is still inadequate. We have no clear informa- 
tion on the magnetic structure of this class of ferromagnets or on the processes 
of technical magnetization therein. Significant data on the subject can be ob- 
tained by investigating the temperature dependences of some of the magnetic pro- 
perties of high-coercivity ferromagnets, particularly in the case of magnetical- 
ly anisotropic samples. Consequently, in the present work we studied the tem- 
perature dependence of the principal magnetic characteristics of magnetically 
anisotropy high-coercivity alloys. 


1. Specimens and Procedure 


The study was carried out on specimens of Alnico (51% Fe, 24% Co, 14% Ni, 
8% Al & 3% Cu) and Vicalloy (35% Fe, 52% Co & 13% V). The Alnico specimens were 
in the form of rods 2.8-3.0 mm in diameter and 48-50 mm in length. The Vicalloy 
samples were in the form of wires 1.0 mm in diameter and 65 mm in length. 

The Alnico specimens were subjected to appropriate thermomagnetic treatment 
to produce different types (transverse or longitudinal) magnetic texture.! The 
Vicalloy specimens were subjected to cold drawing, followed by tempering and as 
a result had longitudinal magnetic texture.1 The measurements were carried out 
in the temperature range from -195 to +600°. The crystal structure of the al- 
loys was stable in this temperature range inasmuch as the samples had been sub- 
jected to prolonged annealing. Hence the changes induced in the magnetic pro- 
perties of the specimens in the process of measurement were reversible. The 
principal magnetic characteristics of the alloy specimens were measured by the 
IMagnetometric procedure. 


2. Results and Analysis 


Fig.l shows the temperature variation of the coercive force H, obtained for 
Alnico specimens heat treated in a longitudinal and in a transverse magnetic 
field and for Vicalloy specimens. It will be seen that in Vicalloy Hg, decreases 
slightly but steadily with increasing temperature. 

In Alnico specimens, H, both along and normal to the magnetic texture axis 
at first increases with temperature, passes through a maximum at about 200° and 
then begins to decrease. 

The variation of the saturation magnetization 4nIé with temperature in the 
investigated alloys is shown in Fig.2. It will be seen that in the case of 
Vicalloy the saturation magnetization decreases monotonically with increasing 
temperature; in the curves for Alnico, however, there is a break at about 20097 

In the high coercivity state Vicalloy consists of two phases: a ferromagnet- 
ic Q-phase and a paramagnetic y-phase. Owing to the fact that only one phase is 
ferromagnetic, the temperature dependence of the saturation magnetization of Vic- 
alloy exhibits no singularities. 


*In earlier contributions!,2 we failed to note the break in the saturation 
magnetization vs temperature curves for Alnico; this was due to the fact that our 
experimental points in the 200° region were too widely spaced. 
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Fig.1. Temperature dependence of the coercive force H, for specimens of Vicalloy 
(1) and Alnico subjected to thermomagnetic treatment in a longitudinal (2) and a 
transverse (3) magnetic field. 

Fig.2. Temperature dependence of the saturation magnetization 4nI§ (mea- 
sured in a 1400 oersted field) for Vicalloy and Alnico specimens. Curve 
designations same as in Fig.l. 


Alnico, on the other hand, in the high coercivity state is known to consist 
of two phases, both ferromagnetic but differing as regards their saturation mag- 
netization Ig and Curie point. With increasing temperature Ig of each phase de- 
creases. Experimentally we observed the integral or summation curve. Since the 
saturation magnetization of the phase with the lower Curie point decreases more 
rapidly with increasing temperature and at a certain temperature becomes negli- 
gibly small, we obtain the noted break in the Ig vs t curve at this temperature. 
The higher temperature section of the curve is due to decrease of Ig of the high- 
er Curie point phase. Thus the break in the temperature dependence curve for Ig 
of Alnico is connected with the presence of two ferromagnetic phases having dif- 
ferent Curie points.* 

Comparison of the temperature dependences of I, and He of Alnico samples 
showed that beginning with the temperature corresponding to the maximum value 
of H, the curves exhibit a parallel variation. This indicates that here H_ ap- 
parently depends on Ig. Such a dependence is possible if the ferromagnet has a 
single domain magnetic structure and the cause of the anisotropy is geometric or 
"shape anisotropy of the ferromagnetic formations. These results substantiate 
the inference made in Ref.4 that the factor responsible for the high coercive 
force in the investigated alloys is the single domain character of the ferromag- 
netic formations which have shape anisotropy, i.e., are laminae. 

In connection with this, it is of interest to compare the magnetization 
curves and hysteresis loops obtained at different temperatures for Alnico speci- 
mens subjected to thermomagnetic treatment in a longitudinal field (Figs.3 & 4). 

It will be evident from Fig.3 that the general character of the magnetiza- 
tion curves remains the same in the entire experimental temperature range. 

*After completion of the present study there appeared a report by Clege & 
McCail3 on their investigation of Alcomax-3; the saturation magnetization vs 
temperature curves for this alloy also exhibits a break. The authors associate 
this singularity with the presence of several ferromagnetic phases with different 
Curie points in the alloy. 
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Specifically, in the region of weak 
fields, the magnetization remains low; 
in a field numerically equal to the co- 
ercive force, the magnetization rises 
sharply, almost immediately reaching the 
saturation value. This shows that there 
has been realized in the ferromagnetic 
specimens a magnetic texture consisting 
of single domain formations. From the 
similarity of the I vs magnetizing field 
curves it follows that this magnetic 
structure persists in a wide temperature 
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range. It also follows that the aniso- 
Fig.3. Magnetization curves for a tropy in this case is shape anisotropy 
longitudinally textured specimen of inasmuch as anisotropy due to any other 
Alnico measured at different tempera- factors could remain invariant over a 
tures; 1) -195°, 2) +20°, 3) +250°, temperature range of 800°. It will be 
4) +500° and 5) +6009, seen from the curves of Fig.4 that the 


ratio Iy/Ig in the investigated tempera- 
ture interval changes little; the value of I, amounts to about 90-95% of Ig. 
This indicates that the magnetic texture remains unchanged in the given tempera- 
ture range. 


4ITI, GS 


200 1200 Hy, Oe 


Fig.4. Hysteresis loops obtained for a longitudinally textured specimen of Alnico 
at different temperatures. Curve designations same as Fig.3. 


Thus we infer that in Alnico the phase that determines the magnitude of the 
coercive force consists of single domain formations characterized by shape aniso- 
tropy. These single domain formations are isolated from each other by layers of 
the other phase with lower magnetic saturation. Owing to decrease with increas- 
ing temperature of the saturation magnetization of the weakly magnetic phase, 
the interaction between the single domain formations of the first phase is weak- 
ened (shielding effect). This can obviously lead to increase of the coercive 
force. Such increase of the coercive force will continue up to the temperature 
at which the magnetization of the weakly magnetic phase becomes negligibly small, 
namely, to the temperature of the break in the Ig vs t curve. 


=~ 1365! - 


Thus there are two factors influencing the coercive force in Alnico: one, 
associated with weakening of the interaction between the single domain forma- 
tions, leads to increase of the coercive force with temperature; the other, due 
to dependence of Hg on Ig, results in decrease of H, with increasing temperature. 
Hence in the case of Alnico we observe a maximum in the H, vs t curve at the 
temperature of the break in the te vs t curve. 

In Vicalloy, which has only one ferromagnetic phase, the coercive force de- 
creases monotonically with increasing temperature, which is connected with de- 
crease of the saturation magnetization of the alloy with rising temperature. 
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ON THE PHYSICS OF MAGNETODIELECTRICS 
- L. I. Rabkin 


1. Magnetic properties of ferroparticles 


Low-coercivity magnetodielectric components are commonly fabricated of 
powders consisting of "ferroparticles'’ having linear dimensions in the range from 
107* to 1071 cm. Such particles are not homogeneous as regards magnetic proper- 
ties. Usually the permeability has a high value in the central region of the 
particle and falls off towards the peripheries; this is apparently due to the 
cracks, unevennesses and a large number of closure domains which, being distri- 
buted over and near the surface of the particles, hamper displacement of the 
boundary layer between the ferromagnetic domains. 

Hence the average magnetic properties of particles of the same ferromagnet- 
ic material but of different size differ, owing to the fact that the smaller the 
particle, the greater the relative amount of surface layer with a high coercive 
force and low permeability. 

In the study of the properties of magnetodielectrics it is important to de- 
fine the "permeability" of the ferroparticles. In view of the inhomogeneity of 
their magnetic properties one must introduce and define some average value of 
the permeability. Hereinafter we take the average permeability to mean the 
permeability of a magnetodielectric consisting of particles of the investigated 
powder with a fill coefficient of the ferromagnetic phase equal to unity and with 
the same average distribution in the size of the particles as obtains in the 
electronic components for which the powder is intended. In some cases the perme- 
ability of the powder particles determined in this manner can be established ex- 
perimentally with good approximation. One of the procedures employed by us to 
this end consists of compacting the powder without a binder at high pressure to 
the point where the density of the pellet approaches the density of the indivi- 
dual particles. For most metallic low-coercivity powders there exists a critical 
compacting pressure yielding a saturation value of the permeability, i.e., in- 
creasing the compacting pressure yields no further increase of the permeability. 
Depending on the hardness of the initial powder, this pressure varies between 
1.2+10° and 3-104 atmospheres. Particles of carbonyl iron, incidentally, can be 
compacted directly in the chamber in which they are formed. ; 

The permeability obtained from measurements on compacted powder pellets has 
a lower value than the permeability obtained from measurements on sheets or wires 
of the same material and having a thickness equal to the average dimensions of 
the particles because in sheets regions or formations with low permeability are 
oriented only parallel to the magnetic field, whereas in pellets such low perme- 
ability sections are distributed at random. 

With decreasing size (particle diameter and sheet thickness) the divergence 
between the respective permeabilities increases. 

We determined the initial permeability fi as a function of the particle size 
for a number of ferromagnetic powders subjected to different heat treatments. 

The dependences obtained for 80 Permalloy and alsifer (iron-silicon-aluminun al- 
loy) are shown in Figs.1 & 2, respectively. 

However, the fosrongenetts powders used for commercial production of mag- 
netodielectric components are not uniform as regards particle size. The perme- 
ability of such nonuniform powders can be determined from the permeabilities of 
the individual fractions, taking into account the fill factors Pn» by means of 
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100 300 00 d,microns 


Ri g.d, Fig.2 
Fig.l. Variation of the average permeability ti of 80 Permalloy powder with the 
particle size d. Material annealed at 1) 650°, 2) 550°, 3) 520°; 4) not annealed. 
Fig.2. Same as Fig.1 but for alsifer: 1) annealed at 750°, 2) not annealed. 


Lichtenecker's equation!; 


Lope ee EP ned EP. Troe log B2", (2) 
where 


Pit Pot... +pa=t. 
2. Variation of the permeability of magnetodielectrics with the fill factor 


The variation of the average permeability i of a magnetodielectric with the 
fill factor p cannot be characterized by a single function inasmuch as it depends 
on the distribution of the ferromagnetic and nonferromagnetic phases in the mag- 
netodielectric specimens. As a rule, the permeability of the magnetodielectric 
decreases with decrease in the number of direct contacts between the ferroparti- 
cles and with increasing homogeneity of the distribution of the inert "insulat- 
ing" material between the particles. 

In order to determine the influence of nonuniform distribution of the inter- 
particle insulating material on the magnetic properties of magnetodielectrics, 
we carried out the following experiments. Using ferromagnetic bodies of suffi- 
ciently large size to permit of direct measurement of their permeability, we 
prepared magnetic circuits with different proportions of the ferromagnetic and 
nonferromagnetic phases. The results of some of our measurements of Lt as a func- 
tion of p are shown in Fig.3. Curve 1 was obtained for magnetic circuits. con- 
sisting of several toroidal plates of a ferromagnetic material with distributed 
2 mm in diameter circular or polyhedral openings. Curve 2 shows the variation 
of 1 with the fill coefficient p for a magnetic circuit consisting of an iso- 
tropic mixture of 2 mm diameter iron and quartz sand particles. Lastly, curve 
3 characterizes magnetodielectric specimens consisting of iron particles of the 
same size (2 mm) uniformly distributed in a dielectric binder. All the specimens 
were prepared of low carbon steel with an initial permeability (gy = 253 gauss/ 
/oersted* and were subjected to the same heat treatment. It will be seen from 
the curves of Fig.3 that the magnetodielectrics with a uniformly distributed in- 
sulating phase are characterized by the lowest permeability values. 

*Translator's note: The meaning of the subscript H is not made clear in the 
text. Presumably, it stands for "initial", i.e., wy = initial permeability of 
the parent material. 
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In the same figure we give the theoretical curves for the variation of 
as a function of p calculated using ti = 253 gauss/oersted by means of different 
formulas: curve c is based on the Ollendorf2 equation: 


ah see oe (2) 
3b (p==4) (esp) 


curve b is based on the Lichtenecker! and Leff-Given? formula: 


b= 1 (p) (3) 
and curve a is based on the Kondorskii* formula: 
= on tee 

w=at Vor LL, (4) 


where 


a = 7 (2—8p + (3p — 1) 

Experimental curve 3, which pertains to 
magnetodielectrics with a uniform distribution 
of the dielectric phase, lies below the theo- 
retical curve a and above the theoretical curve 
c. Curve 3 intersects curve b given by the 
Lichtenecker & Legg-Given formula. In the re- 
gion of large fill factors curve a, based on 
Kondorskii's equation, runs close to experi- 
mental curve 1 for a conglomerate in which the 
ferromagnetic phase is the matrix and the di- 
electric phase is discontinuous (i.e., holes 
in annular iron plates). 

As we showed earlier®, formula (3) is in 
good agreement with the experimental results 
for magnetodielectrics prepared of alsifer 
powder provided the permeability of the powders 
is taken equal to the permeability of a mag- 
Fig.3. Variation of the perme- netodielectric specimen with p= 1. The fact 
ability with the fill factor that Eq.(3) gives better agreement with experi- 


x ae 


n 
he 
13 


p of the ferromagnetic phase. ment for actual isotropic magnetodielectrics 
Dashed curves - experimental; consisting of fine ferromagnetic particles than 
solid curves - calculated. do models consisting of relatively large "bodi- 


es" is apparently a consequence of the consider- 
able inhomogeneity of magnetic properties of the fine ferroparticles used for the 
fabrication of commercial magnetodielectrics. 

The Lichtenecker formula (3) was also checked by us on magnetodielectrics 
prepared of nitrided carbonyl iron powder and also of Permalloy powder consist- 
ing of lamellar (flaky) particles. 

In the first case the permeability ti of the ferromagnetic phase was deter- 
mined from measurements on annular cores prepared from dense deposits of carbonyl 
iron formed in the pentacarbonyl decomposition chamber. The permeability varied 
from 23 to 32 gauss/oersted, depending on the precipitation conditions. 

The calculated permeability values are compared with the values obtained by 
measurements on compact specimens in Table 1. It will be seen that the calcula- 
ted and experimental values are in satisfactory agreement. 

The magnetodielectric specimens prepared of lamellar Permalloy powder had 
a diameter of about 1 mm and a thickness from 15 to 20 yp. The permeability of 
the powder was determined by measurements on toroidal specimens compressed with- 
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Table l 
Calculated and experimental values of the permeability ,, for magnetodielectrics 
of carbonyl iron and "flaky" Permalloy 


yp PH 
Material gs/oerst. 
0,65 
Nitrided carbonyl iron in 30 
0,95 1150 
Flaky Permalloy (), 90 11! 
0,85 1150 
0,75 1450 
0,60 1150 


out a binder at a pressure of 18,000 atmospheres. Further increase of the conm- 
pacting pressure does not alter the permeability. The cores were annealed at 
880° after compacting. 

The permeability measurements on these cores, which are also given in Fig.l, 
show that calculations for anisotropic magnetodielectrics by means of the Lichten- 
ecker formula yield values differing by less than 15% from the experimental data. 


3. Permeability of multiple component magnetodielectrics 


The permeability of multiple component magnetodielectrics consisting of n 
powders differing as regards type of particles, permeability and fill coeffici- 
ents can be calculated by means of the generalized Lichtenecker formula®: 


Lbs ime Dp PeH Li! (5) 


k=1 
For a two component mag- 
netodielectric this formula 
reduces to 


log 2 = Plog mm + pz log Ua» (6) 


"0 20 60 40 10 A1si fer, % We checked Eq. (6) with 
sa os 42 A dMagnetite,*yererence to a number of dif- 
Fig.4. Variation of the permeability of a two ferent compositions. In all 
component magnetodielectric with the ratio of cases the agreement with ex- 
the ferromagnetic components. Solid curve - periment was satisfactory. 
experimental; dashed curve - calculated. Fig.4 shows the curves char- 


acterizing the variation of 
w. with the composition of a two component magnetodielectric with a ferromagnetic 
fill factor p= 0.7. The solid curve is based on measurements of specimens con- 
sisting of a mixture of RCh-6 alsifer powder with fay = 53 gauss/oersted and mag- 
netite powder with fy = 23 gauss/oersted. The dashed curve was calculated by 
means of Eq.(6). It will be seen that the two curves virtually coincide. 


4. Magnetodielectric loss factors 
By analogy with the above described assumption regarding the permeability 


of the "parent" ferromagnetic powder, we assumed that the hysteresis loss fac- 
tor 6,, the high-frequency loss factor 8,;¢, and the initial loss factor 6; of 
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Table 2 
Loss factors of two cores of 80 Permalloy annealed at 550° for 0.5 hour 
or, gat | - 6 
Core type gs/oersted | On/ug i/\n3 
Core of 0.008 cm thick sheets 960 420-10-9 0.95-10-5 
Core of 0.070-0.008 cm dia- 
meter particles compacted 
without insulating binder 280 610-10-9 {so 10-5 


the "parent" ferromagnetic substance are equal to the corresponding loss factors 
of magnetodielectric specimens formed of the given powder with as P2111 factor 
equal to unity. Measurements of the specific loss factors, § (Ua 6,/i,) etc., 
under these conditions (i.e., using compacted specimens) yield higher values than 
those obtained for the same ferromagnetic materials in the form of sheets or 
wires. The comparative initial loss and hysteresis loss factors for laminated 
and compacted powder cores of 80 Permalloy are listed in Table 2. 

The higher loss coefficients for a powder core, as compared with a core 
assembled of ferromagnetic sheets, are due to inhomogeneity of the field in the 
powder particles. Whereas in a laminated core every magnetic line of force 
passes through a homogeneous medium, in a powder core, even one compacted with- 
out an insulating binder, each line of force in going from inhomogeneous parti- 
cle to another must necessarily pass through sections with different properties. 

Some years ago the writer? proposed a method for calculating the average 
loss factors of magnetodielectrics from the factors for the initial,"parent” fer- 
romagnetic substance. The deduced equations were 


is Sieg De is 1 (2) 
Oh= Of (Ya * Yu) P ; 

. Pe ode EE | 

Orf = Orf (Ug: Un)® Pp ; (8) 
= pin te pate 1 

Oi = Oi(Un! Ha)? —. (9) 


These equations give satisfactory agreement with experiment in the range of 
Lt setactorswps>0.8. 
Table 3 
Variation of the hysteresis loss factor §, of toroidal | cores of alsifer with the 
fill coefficient p (fi = 111 gauss/oersted; $5 = 12.8°1073) 


8}, 10° 
Fill factor p p, Ge Oe = P Calculated by 
Experimental ) 
0.5 66 4,28 | 4.15 
0.88 10.8 0.98 0.51 


By way of illustration, we list in Table 3 the comparative values of the 
hysteresis loss factor calculated by means of Eq.(7) and found experimentally 
for ferrocores of alsifer powder, subjected in the process of core preparation 
to a pressure of 22,000 atmospheres and annealing in air at 780°. 

It will be seen that for the magnetodielectric with p= 0.5 the calculated 
value of 5, is in satisfactory agreement with the experimental value. In the 
case of the magnetodielectric with p = 0.88, however, there is an appreciable 
divergence; the experimental loss coefficient is almost twice the calculated 
one. This divergence is due to increasing inhomogeneity of the magnetic flux 
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in the particles with reduction of the fill factor p; this inhomogeneity effect 
is not taken into account in Eqs.(7), (8) and (9). 

Our experiments show that the inhomogeneity of the field depends on the 
particle shape and the fill factor p. Consequently, corrections taking into ac- 
count the increase of the loss factors owing to inhomogeneity of the field should 
be introduced into the above equations. The equations become somewhat more com- 
plicated: 


Nae Cee ae ss 1 : 

Oh = Oh (Ua: Ya) atl yay? (10) 
cae ere es _A 4 

rt Pre (tn ba) ay (11) 
ge < ve — 1 

6i= 05 (Un > Lu) pits) ' (12) 


The correction term = in the above equations depends on the shape and the 
mechanical properties of the powder particles. Thus, for example, for powders 
consisting of spherical particles (carbonyl iron and powders obtained by electro- 
erosion) & is close to zero. For annealed powders of electrolytic iron and 
Permalloy = lies in the range from 0.2 to 0.3, while for ferrite and alsifer 
powders the range of values is 0.4 to 0.5. 
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MAGNETIC PROPERTIES OF FERRITES WITH A COMPENSATION POINT 
- K.P.Belov, K.M.Bol'shova, T.A.Elkina & M.A. Zaitseva 


Some ferrites exhibit an anomalous temperature dependence of the spontaneous 
Magnetization. Of greatest interest in this respect are ferrites that have a 
"compensation point". In these ferrites the magnetization goes to zero not only 
at the Curie point but also at the compensation point where the ferrite trans- 
forms into an ordinary antiferromagnet. 

The possible existence of 0, vs T curves with a compensation point was pre- 
dicted by Née1! in his treatment of the theoretical model based on application 
of the Weiss molecular field to ferrites. Ferrites with a compensation point 
were first detected experimentally by Gorter and his co-workers. 

Simple physical considerations show that 0, vs T curves with a compensation 
point may be expected for ferrites in which the difference between the sublattice 
magnetizations (at O°K) is small, i.e., for ferrites which as regards their mag- 
netic properties are close to ordinary antiferromagnets. Different temperature 
dependences of the magnetizations of the sublattices in such ferrites may lead to 
the appearance of 0, vs T curves with a compensation point; in such cases the re- 
sultant magnetization up to the compensation point temperature will have the di- 
rection of the magnetization of one of the sublattices, while above the compen- 
sation temperature, the net magnetization will be aligned with the magnetization 
of the other sublattice. At the compensation temperature, the magnetizations of 
the two sublattices become even and since they are oriented antiparallel, the re- 
sultant magnetization is zero. 

There is little information in the literature on the magnetic behavior of 
ferrites of this type. In addition to Gorter, Pauthenet3 reported observing 
curves with a compensation point for rare earth ferrites. 

In the present work we carried out measurements of the magnetic character- 
istics of mixed ferrites-lithium chromites in the annealed and quenched states 
and after different heat treatments following quenching. For the purposes of the 
investigation we prepared a series of ferromagnetic lithium spinels containing 
chromium; the general formula for these substances is 


Lig0*(5 - 2a)Fe993-2cCro03 (wherein ao = 1.25, 1.5, 1.6 and 1.7). 
1. Preparation of Specimens and Measurement Procedure 


The specimens were prepared by mixing pure (reagent grade) finely ground iron 
oxide, chromium oxide and lithium carbonate. The several components were weighed 
off in the requisite amounts and thoroughly pulverized in an agate mortar for 
several hours. The mixture was compressed into pellets which were sintered for 
9 hours at about 1050° in air. The sintered product was again thoroughly ground 
in an agate mortar. The resultant powder was mixed with a binder and compressed 
to form the parallelepiped specimens (edge dimensions: 60 mm, 6 mm and 4 mm). 
These specimens were roasted at 1150° for 3 hours and cooled slowly with the fur- 
nace. 

The following magnetic characteristics were measured: 

1) The temperature dependence of the spontaneous magnetization 0, = £Q); 
the value of Og was determined from the magnetic isotherms by extrapolation to 
zero field; close to the Curie point, where extrapolation is impossible, O, was 
determined by means of the thermodynamic formula 
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(this follows from the thermodynamic equation for the magnetization of a ferro- 
magnet near the Curie point, i.e., the curve ao - po3 = H at H = 0). The thermo- 
dynamic procedure also allows of more accurate determination of the Curie point; 
the Curie point was determined as the temperature at which a—0. 

2) The atomic magnetic moments, which were determined from the magnetic satu- 
ration at the boiling point of liquid helium (these measurements were carried out 
by A.V. Ped'ko). 

3) The temperature dependence of the residual magnetization (as given by 
the saturation loop) in the temperature range from -30° to a temperature 10-20° 
above the compensation point (these measurements were made on an astatic magneto- 
meter). 

4) The temperature dependence of the paramagnetic susceptibility (determined 
by the ponderomotive procedure). 

The measurement procedures have been described in detail in Refs.4,5 & 6. 


2. Results 
A. Specimens in the initial (annealed) state 


All the investigated compositions exhibited an anomalous temperature depend- 
ence of the spontaneous magnetization. A compensation point was evident in the 
Os vs T curves for all the specimens; the curves for the specimens in the initial 
(annealed) state are shown in Figs.1 through 4. In contradistinction to the re- 
sults of Gorter, however, we found 
that in our specimens there obtained 
"incomplete compensation”, i.e., 
there was evident a certain nonzero 
spontaneous magnetization at the com- 
pensation temperature. This will be 
evident from Fig.5 in which we show 
for purposes of comparison the mag- 
netization curves for the Lig0> 
*2.5Fe903°2.5Cro03 specimen at the 
compensation temperature (+44°), at 
slightly lower and higher tempera- 
tures and in the vicinity of the 
Curie point (+217°C). The compensa- 
tion temperature curve (curve 1), al- 
though it does flatten out, is still 
distinctly "ferromagnetic" and ex- 
hibits approach to saturation. The 


a m0 200 o value of O, at this temperature is 
certainly not less than 0.2 gauss 
Fig.1 Temperature dependence of the spon- cm% g-l, An analogous behavior was 
taneous magnetization of Lig0+2.5Fe 03° observed for all the other alloys.* 
*2.9Cr203 after different heat treatments; -----~------------ 
1) initial state, 2) quenching from 1000° *In the case of Lig0-2Fe,03' 
in air, 3) heating at 500° for 5 hours, *3Cro03 the compensation point fell 


4) heating at 500° for 24 hours, 5) heat- below O°C and the magnetization curve 
ing at 800° for 8 hours. Dashed curve in at this temperature could not be re- 
the region of the Curie temperature - corded on the ballistic set-up. The 
variation of 6, calculated by means of the compensation point was determined by 
formula 0g = /-(Q/B). @p - paramagnetic means of the magnetometer utilizing 
Curie point. the fact that the residual magnetiza- 
tion goes to zero at this temperature. 
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Fig. 2 


Fig.2. Temperature dependence of the spontaneous magnetization of Lig0° 2Fe503° 
*3Cr90. after different heat treatments: 1) initial state, 2) quenching from 
1000° in air, 3) heating at 500° for 5 hours, 4) heating at 500° for 24 hours, 
5) heating at 1000° for 5 hours. Dashed curve in the Curie temperature region 
- variation of O38 calculated by means of the formula 0, =/-(a/B). The compen- 
sation temperature was obtained by means of magnetometric measurements of the 
temperature dependence of the residual magnetization (dash-dot curves in the 
vicinity of 0°). 
Fig.3. Temperature dependence of the spontaneous magnetization of Lig0°1.8Fe 903° 
*3.2Cro03 after different heat treatments: 1) initial state, 2) quenching from 
1000° in air, 3) heating at 500° for 5 hours, 4) heating at 500° for 24 hours, 
5) heating at 1000° for 5 hours. 6, - paramagnetic Curie point. The compensa- 
tion temperature for 3 and 4 was bhvained only from measurements of the tempera- 
ture dependence of the residual magnetization (dash-dot sections of the curves 
in the vicinity of 0°C). The dashed curve in the Curie temperature region - vari- 
ation of Og calculated by means of the formula Oo, =J/-(Q/p). 


05, bsem*g”? 


0 0 M0 10 Wate 0 1000 2000 H Oe 
Pig.4 Fig. 5 
Fig.4. Temperature dependence of the spontaneous magnetization of Lig0°1.6Fe903- 
*3.4Cro003 ferrite (initial state). Dashed line in the Curie temperature region 
- variation of 6, calculated by means of the formula og = /-(Q/B). 
Fig.5. Magnetization curves for Lig0°2.5Fe903°2.5Cr Og at different temperatures: 
1) +449, 2) +36.5°, 3) +55° and 4) +21 7s 


50 


Fig.6. Temperature de- 
pendence of the reman- 
ence of an Lig0*2Fe503° 
*3Cr203 specimen in the 
initial state in the re- 
gion of the compensation 
point Ty: @ - magneto- 
meter deflection propor- 
tional to the remanence. 
Curve l - heating; 

curve 2 — cooling. 
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In order to prove that at the minimum in the om 
vs T curve there actually does obtain compensation of 
the magnetic moments of the sublattices, we determined 
the temperature dependence of the remanence (saturation 
loop value) for specimens of all compositions. In all 
cases, i.e., for all compositions and all heat treat- 
ments, the remanence curve went through zero at the 
temperature at which the corresponding 0, vs T curve 
had a minimum (within the limits of measurement accura- 
cy, evaluated to be +0.5°) (Fig.6). 

Having the temperature dependences of o, up to the 
Curie point for all the specimens, we were able to check 
the applicability of the thermodynamic equation? for 
the magnetization in the region of the Curie point, 


ao + pod =H, (1) 


to ferrites of this type. 

It was found that this equation is valid for all 
four investigated compositions both in the initial state 
and after all the types of heat treatment essayed. In 
each case the plot of H/o vs o2 at the Curie temperature 
for fields in the range from 100 to 2500 oersted was a 

straight line passing through the origin (Fig.7). 

The Curie and compensation point temperatures 
found for all our specimens proved to be fairly 
close to the corresponding values given by Gorter 
- see Table l. 

It may be noted that the accuracy in determin- 
ing the compensation temperature was higher in our 
experiments (as compared with Gorter's), inasmuch as 
we obtained more experimental points in the given 
temperature interval (our measurements were made at 
1-29 intervals). The fact that Gorter had compara- 
tively few points in the compensation temperature 
region also probably explains why he failed to de- 


Fig.7. Verification of the tect "incomplete compensation". The method of deter- 


thermodynamic formula for 


the magnetization curve 
(a + Bo% = H/o) at ten- 
peratures close to the 
Curie point for 
Lig0*2.5Fe20,°2.5Crg03: 
1) +213.5°9 (o, = 0.95), 
262169 (G's 0.37) , 3) 
217° and 4) 218°, 


mining the Curie point is not described in Gorter's 
report. Presumably, the Curie temperature was deter- 
mined from the 0 vs T curves by extending the tangent 
to the steep part of the curves to its intersection 
with the temperature axis. In our experiments the 
Curie temperature was determined from the coefficient 
Q@ becoming equal to 0. It was demonstrated earlier 
by one of us in collaboration with Goriaga® that one 
cannot determine the Curie point from the 0 vs T curve 
since, owing to the paraprocess, the Curie point de- 


termined in this manner will depend on the field in which the oOo vs T curve was 


recorded. 


We determined the atomic magnetic moments from the values of the absolute 
magnetic saturation 0, as given by the magnetization curves recorded at the boil- 
ing point of helium.* Our results together with the data of Gorter are listed 


in Table 2. 


*See footnote bottom of next page. 


- 1276 - 


Table 1 
Compensation and Curie points of different ferrites 


Ferrite | Co eee point °>| | Curie point, % 
composition a vn | 
|Gorter Our data ‘ Cater” fo data 
| t / 
| | 
Li,0-2,5Fe203-2.5Cr.03 +38 +45 +214 1-21) 
LipO-2Fe203-3Cr.03 —16 — 6 +419 +108 
Li.0-1,8Fe,03-3.2Cr203 +11 +7 + 167 +147 
Li,O-1.6Fe,03-3.4Cr.03 + 20 + 15 +155 +160 
Table 2 
Atomic magnetic moments (uu) in Bohr magnetons per atom) 
Uo, our i=. our i.» theoreti- 
4 oO? Oo 
C +43 Ho accore| data for data for | cal after 
omposition ing to SPEC ee quenched Néol, (ini, 
sorter aie | Specimens tia 1 state 
4 2 3 4 5 
LizO-2.5Fe203-2,.5 CreO3 0,61 0.68 0.74 0.9 
LigO-1.6Fes03-3.4 CreO3 0.22 0.24 Ors7 Asti 


The values of uo listed in column 5 of Table 2 were calculated according to 
the Néel theory. Knowing the distribution of Li ions in these ferrites? and as- 
suming (as inferred by Gorter) that the Cr ions occupy only octahedral sites, 
one can obtain for each of the investigated ferrites the complete cation distri- 
bution between the sublattices A and B. Further, utilizing Néel's formula for 
the case of antiparallel magnetic moments of the cations in sublattices A and B, 
i.e., setting 


M = MB - Ma, (2) 


we obtain the data listed in column 5 of Table 2. Here Mp and My, are the sums of 
the magnetic moments of the cations occupying sites in the sublattices B and A, 
respectively, and M is the resultant magnetic moment of the ferrite. The pure 
spin values are taken for the magnetic moments of the iron and chromium cations, 
i.e., 3up for the Cr ion and SUB for the Fe ion. As will be evident from Table 
2, the values of uo for our ferrites cannot be calculated by means of the Néel 
theory. Even for the first of our ferrites, the theoretical value greatly ex- 


ceeds the experimental one and the divergence increases rapidly with increasing 
Cr content. 


B. Specimens in the quenched state and after different heat treatments 


We felt it would be of interest to see how heat treatment can affect the 
properties of the ferrites under study. To this end all the specimens were sub- 
jected to quenching from 1000° in air (the holding time at 1000° was 40 min) and 
then, after measurement of their properties in the quenched state, they were sub- 
jected to step anneals under the following conditions: 1) 5 hours at 500°, 2) 

*(See preceding page) In the case of Lig0° 2F €503° 3Cr903 saturation was not 
attained at liquid helium temperature even in a 4500 oersted field; consequently 
O, for this ferrite was not determined. 
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24 hours at 500° and 3) 8 hours at 800° for some of the compositions or 5 hours 
at 1000° for the others. 

All these heat treatments radically changed the temperature dependence of 
O,- In all cases quenching led to suppression of the reverse magnetization* and 
reduction of the interval between the compensation point T, and the Curie point 
@ (see Figs.1,2 & 3 and Table 3). 

It is noteworthy that in the specimen with the lowest Cr content (a = 1.25) 
the diminution of the 6 - T, interval occurs due to displacement of the compensa- 
tion point (the Curie point shifts very little). In the specimen with a high 
chromium content (a= 1.6) the decrease of the 6 - T, interval occurs exclusively 
due to displacement of the Curie point, while the compensation temperature re- 
mains virtually the same as in the initial state. In the specimen with the in- 
termediate Cr content (a= 1.5) the 6 - T, interval is reduced owing to shifting 
of both the compensation point and the Curie point. Thus the displacement of 
the compensation point incident to quenching decreases, while the displacement of 
the Curie point increases with increasing chromium content. 


Table 3 
Displacement of the compensation and Curie points as a result of quenching 
vin 8 in 0-T,, in OT, es 
tae quenched initial quenchec 
a se etete oe aot | state 
A= 25 +1410 +199 172 86 
1.5 DT + 85 114 47 
1.6 = 9 Bip 140 26 
«9 None ~— 50 145 Mae. 


It is interesting to note that in the case of the composition with the high- 
est Cr content, namely, in Lig0-1.6Fe903°3.4Cro0,, quenching led to complete sup~ 
pression of the reverse magnetization. This specimen had no compensation point 
after quenching, as was evinced by measurements of the remanence carried out on 
a magnetometer in the temperature range from liquid nitrogen to room temperature. 
The magnetometric measurements showed that this ferrite becomes ferromagnetic 
only at low temperatures (beginning approximately from -50°). The remanence does 
not change polarity in the interval from -50° to liquid nitrogen temperature. 

In all the investigated specimens that had a compensation point the compen- 
sation was incomplete not only in the initial state but after the different heat 
treatments (Figs.1,2 & 3). Measurements of the absolute magnetic saturation at 
liquid helium temperature were carried on quenched specimens having the composi- 
tions: Lig0°215Fe203°2.5Cr903, Lig0*1.8Fe903°3.2Cr20. and Lig0°1.6Fe203°3. 4Cro03. 

Quenching resulted in increase of the magnetic moment. A particularly great 
increase (v1.5) was observed for Lig0°1.8Fe903°3.2Cr90, (see Table 2). As noted 
above, initially all the specimens were held at 10009 for 40 min. In order to 
check whether this holding time is sufficient for attainment of equilibrium dis- 
tribution of the cations at this temperature, we held a number of specimens at 
1000° for 10 hours. The longer heating time did not result in any significant 
modification of the 0, vs T curves for the quenched specimens. 

As noted above, after quenching the specimens were subjected to step anneals. 
The 0, vs T curves for the annealed-after-quenching specimens increasingly ap- 

*Reverse magnetization is here understood to mean the magnetization obtain- 
ing in the ferrite above the compensation temperature and directed antiparallel 
to the resultant magnetization below this temperature. 
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proached the corresponding curve for the 
given substance in the initial state as the 
annealing temperature and time increased 
(Figs.1,2 & 3). In the case of Lig0°1.6Fe903° 
*3.4Cr503 a compensation point appeared in 
the curves only after annealing at 10009; the 
curve in this case was virtually identical 
with the curve for the initial state. 
Incomplete compensation, i.e., the per- 
sistence of a certain spontaneous magnetiza- 
tion at the compensation temperature, obtain- 


¢ routed ed also in the annealed states. This is evi- 
Fig.8. Field dependence of the dent in Fig.8 which shows the field depend- 
susceptibility at the compensa- ences of the susceptibility at the compensa- 
tion temperature for Lij90°2.5- tion temperature for Lig0° 2. 5Fe903° 2.5Crg0, 
-Fe203-2.5Cr203 ferrite after specimens subjected to different heat treat- 
different heat treatments: 1) ments. The curves evince a pronounced ferro- 
initial state, 2) quenching from magnetic character. 
1000° in air, 3) annealing for Thus heat treatment (quenching and an- 
5 hours at 500°, 4) annealing nealing) exerts a strong influence on the ap- 


for 24 hours at 500°. 


pearance of the 0, vs T curves and the com- 
pensation and Curie point temperatures. Ap- 


parently all heat treatments substantially modify the cation distribution between 
the sublattices; quenching apparently results in breakdown of the ordered distri- 
bution of cations in the tetrahedral sublattice, the existence of which in lithi- 
um chromium ferrites was inferred by Gorter. 2 


OD 


0 5000 BUI0 H, Oe 


Fig.9. Field dependence 
of the paramagnetic sus- 
ceptibility of Lig0-1.6- 
-Fe903°3.4Cro03 ferrite 
in the initial state at 
different temperatures: 
TYP E21 53059 2) 555540") 
161; 62784) B 1309S 5) 71500: 
6) 169.2°, 7).183° and 
8) 219.5%. 


3. Discussion 


The results of our measurements show that in a 
certain range of compositions ferromagnetic Li-Fe-Cr 
spinels actually do have an anomalous temperature de- 
pendence of the spontaneous magnetization 0, with a 
compensation point, which was earlier predicted by 
Néel. In conflict with theory, however, we found that 
the compensation is never complete. Initially it was 
hypothesized that the incomplete compensation might be 
due to the presence of some extraneous ferromagnetic 
impurity, for example, magnetite, which could conceiv- 
ably form in the process of synthesis. To check this 
hypothesis we measured the magnetization on a ballistic 
setup in a certain temperature range beyond the Curie 
point and also carried out measurements of the para- 
magnetic susceptibility by the ponderomotive procedure 
up through temperatures well above the Curie point of 
magnetite (+587°). The results of these measurements 
showed that there was no magnetite present in our speci- 
mens. This is clearly evident from Fig.9 which shows 
the field dependence of the susceptibility of one of 
the investigated compositions at different temperatures. 
Above +219° the susceptibility becomes independent of 
the field; this indicates that the specimen is in the 
paramagnetic state, 
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The incomplete compensation effect can be explained by heterogeneity, i.e., 
inhomogeneity of the investigated specimens, associated with fluctuations of the 
chemical composition over the volume. Inasmuch as the compensation temperature 
depends on the composition, in the case of heterogeneous composition, the com- 
pensation points will be different in different regions of the specimen. 

Let us assume, therefore, that there are regions in the material with dif- 
ferent - if only slightly -- compensation points. Then at the average temperature 
in the compensation temperature range there will obtain "spurious compensation". 
At this temperature, we can distinguish two groups of regions, characterized by 
spontaneous magnetization vectors aligned in opposite directions. At the "Sspuri- 
ous compensation” temperature the residual magnetization of the material goes to 
zero inasmuch as after removal of the external magnetic field, the residual mag- 
netization of one group of regions will be equal in magnitude and opposite in di- 
rection to the residual magnetization of the other group (Fig.10). Upon the ap- 
plication of an external field, however, the compensation will be disturbed inas- 
much as the regions of the first and second groups, owing to the presence in them 
of a certain resultant magnetization at the "spurious compensation" temperature, 
will tend to align themselves with the field and, consequently, the material as 
a whole will possess a certain spontaneous magnetization. The value of this spon- 
taneous magnetization at the compensation temperature will be the higher, the 
stronger the composition dependence of the compensation temperature. In the Li- 
Fe-Cr system this dependence is relatively weak and, consequently, the magnitude 
of 6, at the compensation temperature is relatively low. 

Another, more serious divergence between theory and experiment is that the 
absolute saturation calculated according to Néel from the cation distribution 
differs substantially from the experimental data (column 3 & 5 in Table 2). 

The modification of the Néel theory proposed by Yafets & Kittel® is capable 
of explaining the observed divergence. The important point is that inasmuch as 
in these ferrites the measured value of the magnetic moment is smaller than that 
calculated by the Néel theory and Mg is greater than My; in this case one cannot 
neglect the negative exchange interaction in the B sublattice (B-B interaction) 
as compared with the interactions between the A and B sublattices (A-B interac- 
tion). The existence of the B-B interaction leads to subdivision of the B sub- 
lattice into two sublattices with magnetic moments at an angle to each other 
(triangular case). This leads to reduction of the total magnetic moment of sub- 
lattice B and, consequently, to decrease of the magnetic moment of the ferrite as 
a whole. True, in the presence of angles between the magnetic moments in the 
sublattices, the shape of the Og, vs T curve cannot be anomalous, while in our 
case it is obviously anomalous. However, it has been shown in the work of Yafet 
& Kittel® and Gorter? and later by Lotgering? that there cannot be a direct tran- 
sition from the triangular state to the paramagnetic state. The angles existing 
in the B sublattice at low temperatures "break down” incident to heating; only 
after this and realization of antiparallel orientation of the magnetic moments 
of the sublattices, can the material become paramagnetic upon further heating. 
The appearance of anomalous O, vs T curves does become possible, however, if we 
assume that the angles break down at some temperature below the compensation tem- 
perature. 

Knowing the resultant moment from experiment, we can calculate the angle be- 
tween the magnetic moments in sublattice B, obtaining at low temperatures, by 
making use of the expression for the resultant moment at O0°K deduced by Yafet & 
Kittel. According to Yafet & Kittel, in the case of the triangular configuration 
in sublattice B, the resultant moment of the ferrite is 
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Fig.10. Diagram illustrating "incomplete compensation": I - temperature depend- 
ence of the spontaneous magnetization of group I regions in the temperature in- 
terval including the compensation point; II - temperature dependence of the spon- 
taneous magnetization of group II regions in the same temperature interval; t, - 
"spurious compensation” temperature at which oO; = -0yy;. 
Fig.1l. Arrangement of ionic magnetic moments in sublattices A and B in 
the presence of negative B-B interaction comparable to A-B interaction. 


M = Mp sin @ - My. (3) 


Here Ma, and Mp are the sums of the ionic magnetic moments in sublattices A 
and B, respectively, and (180 - 2p) is the angle between the directions of the 
magnetic moments in sublattice B (Fig.11). 

For example, according to the data given by Gorter, distribution of ions in 
Lig20°2.5Fe503°2.5Cro03 ferrite is characterized by 


Feo giLio cog [Lig 41° Feo.g4*Cri.25] Og. 


Using the spin values of the magnetic moments for the Fe3t and Cr3* ions 
(Sup and 3up, respectively), we obtain for this ferrite M, = 4.55 and Mp = 5.45. 
The measured magnetic moment in the initial state is M = 0.68. Thus making use 
of Eq. (3), we can calculate the angle between the magnetic moments in sublattice 
B. Such calculations yield reasonable values for the angles for all the ferrites 
for which we have values of dO, in the initial state. 

Our measurements show that the absolute value of the magnetic saturation in 
the Li-Fe-Cr system increases as a result of quenching. There are data in the 
literature on the influence of quenching on 6, in different simple and mixed fer- 
ritesl0,11 and there have been proposed theories!2-14 for explaining the experi- 
mental results. According to theories, 59 depends on the distribution of cations 
among the A and B sites, while the cation distribution in turn depends on the 
temperature. Quenching "freezes" the cation distribution obtaining at the quench- 
ing temperature, which obviously leads to a change of 09 as compared with the ini- 
tial state. Smarts gives a method for determining the cation distribution in 
mixed ferrites with three metallic ions from the experimental O°K values of the 
magnetic moment and g factor. In his treatment Smart assumes that the antiparal- 
lel arrangement of the magnetic moments in sublattices A and B is retained in 
all cases. In our case the situation is somewhat more complicated inasmuch as 
in our ferrites incident to quenching there may occur not only redistribution of 
the cations but also a change of the angles between the magnetic moments in the 
sublattices. The possible and unpredictable influence of these two factors pre- 


cludes comparing our experimental results for the saturation after quenching with 
the present theories. 
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The degree of influence of these two factors can probably be determined on 
the basis of x-ray and particularly neutron diffraction studies. 

We take this opportunity to express our gratitude to K.G.Khomiakov and T.I. 
Bulgakova for facilitating the preparation of the specimens in their laboratory 
and for valuable advice and suggestions. 
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MEASUREMENT AND CALCULATION OF THE POLARIZATION OF THE EMISSION OF HELIUM 
ATOMS EXCITED BY ELECTRON IMPACT 
- L.A.Vainshtein & G.G.Dolgov 


Experimental and theoretical investigation of the polarization of impact 
induced emission is important from the standpoint of the theory of electron-atom 
collisions. The polarization of emission as a function of the velocity of the 
incident electrons in the case of excitation of Hg atoms was investigated by 
Skinner & Appleyardl, who showed that the variation of the polarization with the 
electron velocity is not monotonic, but goes through a maximum some 3-4 ev above 
the excitation threshold. This result disagrees both quantitatively and quali- 
tatively with the theory based on the first Born approximation”. There have been 
no experimental or theoretical investigations of this important problem since 
the publication of Skinner & Appleyard's work. 

We undertook an ex- 
perimental and theoretical 
investigation of the polar- 
ization in the excitation 
of helium atoms. A block 
diagram of the experiment- 
al apparatus is shown in 
Fig.l. The investigated 
gas, contained in chamber 
C at a pressure of 2-1074 
mm Hg, was excited by an 
electron beam with a cur- 
rent density of up to 
5ua/mm2, The electron 
energy spread was 0.5-0.7 
ev on the average. The 
exciting electron beam was 


Fig.1. Diagram of apparatus: C - chamber in which in a uniform magnetic 

gas is excited, L - lens, O - shutter, M - mono- field, directed along the 
chromator, B - battery, R - regulated photomulti- beam. Thus the focusing 
plier voltage supply, A - narrow band amplifier, of the beam did not change 
Ph; & Php phase-shifting network, PM - photomulti- with variation of the volt- 
plier. age on the control elec- 


trode of the electron gun. 

Control experiments showed that the polarization of the emission was not affected 
by the intensity of the magnetic field in the range from 0 to 1000 gauss. All 
the measurements were carried out at a field strength of 100 gauss. 

The parallel light beam from the lens L passed through the sector shutter 
in the center of which was a polaroid. The desired spectral line was selected 
by the monochromator M. The modulated light beam fell on the photomultiplier, 
the signal from which was amplified by the narrow band amplifier A. It can be 
shown that the signal at the amplifier output is described by 


s 


A = (Jy +14) cos 2mt + (Jy —/,) sin 201, (1) 


where /, and /, are the intensities of the beam components polarized parallel and 
perpendicular to the electron beam, respectively, and w is the frequency of the 
shutter. 

The amplified signal is applied to the two synchronous detectors SD-I and 
SD-II, the voltages on which are shifted 90° relative to each other. As a result, 


gla he oD 
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the voltage at the output of the first detector 
\ is proportional to /;—J, ; that on the output of 
} the second to /; +/,. The signal from the second 
\ detector was applied to an EPP-09 rheochord (slide 
\ wire rheostat); that from the first detector to 
\ ial the slider of the rheochord. Thus, varying the 
\ approximation voltage on the control electrode of the electron 
‘ gun, we obtain the variation of the degree of polar- 
ization as a function of the incident electron 
velocity: 
Tih I,—I 
goes pr pet (2) 


Fig.2 shows the variation of the polarization 
as a function of the incident electron velocity 
for three He lines. It will be evident that the 
energy dependence of the polarization is nonmono- 


20 60 oO AE 


Fig.2. Variation of the tonic. In the case of excitation of the 3'P state 
polarization with the elec- (polarization of the emission with = 5016 A), the 
tron energy. maximum degree of polarization is attained at an 


energy ~20 ev above the threshold; in the case of 
the 33D and 41) states (AX = 4471 and 4921 A) at energies of ~5 ev and ~15 ev 
above the excitation threshold, respectively. 

In the theoretical discussion of the results we shall consider only excita- 
tion of 11S — n'P atomic transitions. The polarization curve obtained for this 
case in the first Born approximation is also shown in Fig.2. 

The relation P(vtpresh) = 1 is readily obtained from consideration of the 
partial waves of the exciting electrons. At low electron energies the principal 
contribution is made by the partial waves with the minimum value of /! allowed by 
the conservation law. Hence where excitation of the '\§ —'P transition is con- 
cerned, one should consider the s—p and p-—s transitions of the incident elec- 


tron. The cross sections s, _, and s,_, for these two processes are found inde- 
pendently. 
In the p—s transition there are excited atomic sublevels with m.= 0 (z is 


the direction of the incident electron beam); in the s— p transition there are 
excited sublevels with m, = -1, O and +1 with equal probability. Hence we obtain 
the following formula for the polarization of the emission in the direction per- 
pendicular to the incident beam: 


ae “ (3) 


It can readily be shown that in the first Born approximation 
fe ~ hele Reh, (4) 


where the subscripts O and 1 denote the initial and final states. It follows 
from the above that near the threshold °%:-p cp), and PL Pennenh> = 1. Taking 
exchange terms into account does not affect this result. 

Taking into account the distortion of the incident and scattered waves by 
the mean field of the atom does not substantially change the relation between 
$ — p and p—s scattering near the threshold.4 This is due to the short ef- 
fective range of the exponentially decreasing atomic field. 


he, 
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To obtain a more precise description of the variation of polarization near 
the threshold one must apparently take into account long-range terms in the 
Schrédinger equations for the incident and scattered waves. An illustrative ex- 
ample here is furnished by the term characterizing the interaction between the 
elastically and inelastically scattered waves. When this term is included in 
the elastic scattering equation (strong coupling treatment), the radial equations 
become 


2 

a} - (ke + oo) fi = Vor fo | 
d*f , 2 \ (s eas P) 
5 (ai + Yan — 7) fo =a fi; 


: | (5) 
d*fs 4 (4 + Vo0 — =) i Yor Is 


oe (Ki + nn) fa = Pit Ts; 


(p—s) 


The potential vin differs from vn by the presence of a dipole interaction 
term (also long-range); »v and %, differ only by a constant factor. 

The set of equations (5) was solved on a "Strela" electronic computer. The 
computer program was set up to allow of solution of the collision problem for 
an extensive class of atoms and transitions. The program provides for simultane- 
ous solution of four equations such as (5), determination of the phases from the 
asymptotic solution trend and evaluation of two cross sections (for example, 

Ss-p and a,_.). 

So far only preliminary results have been obtained. Specifically it was 
determined that for the 1!S—3'P transition in the He atom with ;,; = 0.2, 

Os—p = Sp—s- 


"PD.N.Lebedev" Physical Institute, 
Academy of Sciences of the USSR 
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Experimental and theoretical investigation of the polarization of impact 
induced emission is important from the standpoint of the theory of electron-atom 
collisions. The polarization of emission as a function of the velocity of the 
incident electrons in the case of excitation of Hg atoms was investigated by 
Skinner & Appleyard!, who showed that the variation of the polarization with the 
electron velocity is not monotonic, but goes through a maximum some 3-4 ev above 
the excitation threshold. This result disagrees both quantitatively and quali- 
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no experimental or theoretical investigations of this important problem since 
the publication of Skinner & Appleyard's work. 

We undertook an ex- 
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investigation of the polar- 
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of helium atoms. A block 
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al apparatus is shown in 
Fig.1. The investigated 
gas, contained in chamber 
C at a pressure of 2-10-74 
mm Hg, was excited by an 
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rent density of up to 
5ua/mm2, The electron 
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Fig.1. Diagram of apparatus: C - chamber in which in a uniform magnetic 

gas is excited, L - lens, O - shutter, M - mono- field, directed along the 
chromator, B - battery, R - regulated photomulti- beam. Thus the focusing 
plier voltage supply, A - narrow band amplifier, of the beam did not change 
Ph, & Pho phase-shifting network, PM - photomulti- with variation of the volt- 
plier. age on the control elec- 


trode of the electron gun. 

Control experiments showed that the polarization of the emission was not affected 
by the intensity of the magnetic field in the range from 0 to 1000 gauss. All 
the measurements were carried out at a field strength of 100 gauss. 

The parallel light beam from the lens L passed through the sector shutter 
in the center of which was a polaroid. The desired spectral line was selected 
by the monochromator M. The modulated light beam fell on the photomultiplier, 
the signal from which was amplified by the narrow band amplifier A. It can be 
shown that the signal at the amplifier output is described by 


» 


A = (Jy +11) cos 2mt + (Jy —/1) sin 201, (1) 


where /, and /, are the intensities of the beam components polarized parallel and 
perpendicular to the electron beam, respectively, and w is the frequency of the 


shutter. 
The amplified signal is applied to the two synchronous detectors SD-I and 


SD-II, the voltages on which are shifted 90° relative to each other. As a result, 
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the voltage at the output of the first detector 
\ is proportional to /|—J, ; that on the output of 
\ the second to /; + /,. The signal from the second 
\ detector was applied to an EPP-09 rheochord (slide 
x wire rheostat); that from the first detector to 
\ is the slider of the rheochord. Thus, varying the 
\ approximation voltage on the control electrode of the electron 
gun, we obtain the variation of the degree of polar- 
ization as a function of the incident electron 
velocity: 
pie 
om rere. (2) 
Fig.2 shows the variation of the polarization 
as a function of the incident electron velocity 
for three He lines. It will be evident that the 
energy dependence of the polarization is nonmono- 
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Fig.2. Variation of the tonic. In the case of excitation of the 3'P state 
polarization with the elec- (polarization of the emission with } = 5016 A), the 
tron energy. maximum degree of polarization is attained at an 


energy ~20 ev above the threshold; in the case of 
the 33D and 41D) states (\ = 4471 and 4921 A) at energies of ~5 ev and ~15 ev 
above the excitation threshold, respectively. 

In the theoretical discussion of the results we shall consider only excita- 
tion of 11S — n'P atomic transitions. The polarization curve obtained for this 
case in the first Born approximation is also shown in Fig.2. 

The relation P(vtpresh) = 1 is readily obtained from consideration of the 
partial waves of the exciting electrons. At low electron energies the principal 
contribution is made by the partial waves with the minimum value of /! allowed by 
the conservation law. Hence where excitation of the '§ —'‘P transition is con- 
cerned, one should consider the s—p and p-—s transitions of the incident elec- 
tron. The cross sections s,_, and >s,_, for these two processes are found inde- 
pendently. 

In the p—s transition there are excited atomic sublevels with m.= 0 (z is 
the direction of the incident electron beam); in the s—p transition there are 
excited sublevels with m, = -1, O and +1 with equal probability. Hence we obtain 
the following formula for the polarization of the emission in the direction per- 
pendicular to the incident beam: 


P(r) = 0 : -* (3) 


2 
ons < az Os_p 
It can readily be shown that in the first Born approximation 


5 ~ hele Reh, (4) 
where the subscripts 0 and 1 denote the initial and final states. It follows 
from the above that near the threshold °%:-p<<¢,, and PtSi neat? = 1. Taking 
exchange terms into account does not affect this result. 

Taking into account the distortion of the incident and scattered waves by 
the mean field of the atom does not substantially change the relation between 
s — p and p—s scattering near the threshold.3 This is due to the short ef- 
fective range of the exponentially decreasing atomic field. 
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To obtain a more precise description of the variation of polarization near 
the threshold one must apparently take into account long-range terms in the 
Schrédinger equations for the incident and scattered waves. An illustrative ex- 
ample here is furnished by the term characterizing the interaction between the 
elastically and inelastically scattered waves. When this term is included in 
the elastic scattering equation (strong coupling treatment), the radial equations 
become 


a*f, 


ah (K2 +- Yoo) fr = Por /23 
ie ‘a ih head! 2, 
a} 4 (xi tenn — or) fe = Vor li 
: P (5) 
"fs Le (Ai + Yoo — fs = Yon I; 
(p —s) 


d? E ; 
=e) + (Ay + nn) fa = Vor Js} 


The potential v. differs from v,, by the presence of a dipole interaction 
term (also long-range); uv, and v, differ only by a constant factor. 

The set of equations (5) was solved on a "Strela" electronic computer. The 
computer program was set up to allow of solution of the collision problem for 
an extensive class of atoms and transitions. The program provides for simultane- 
ous solution of four equations such as (5), determination of the phases from the 
asymptotic solution trend and evaluation of two cross sections (for example, 

O,-p and g,_.). 

So far only preliminary results have been obtained. Specifically it was 
determined that for the 1'S—3'P transition in the He atom with ;; = 0.2, 

Ss_p > Sp—s- 


"P.N.Lebedev"” Physical Institute, 
Academy of Sciences of the USSR 
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EMISSION OF THE NEGATIVE HYDROGEN ION 
- W.Lochte-Holtgreven 


The processes of attachment of electrons to neutral hydrogen atoms and radi- 
ation by the negative hydrogen ions occur on an enormous scale on the surface of 
the Sun. The conditions on the Sun are such that, on the one hand, there is a 
thick atmosphere of H atoms inasmuch as the temperature of the Sun's surface is 
sufficiently high for complete dissociation of the Hg molecules and, on the other 
hand, there are many free electrons as a result of ionization of both hydrogen 
atoms and metal atoms, particularly alkali metals. Such free electrons from 
time to time combine with the H atoms and form H~ ions. The energy released in 
the process reaches us in the form of radiation. Inasmuch as the relative velo- 
city of the H atoms and electrons varies over a very wide range, there is emit- 
ted a continuous spectrum, which we all know as daylight. This hypothesis to 
explain the origin of daylight was proposed by Wildtl. The results of calcula- 
tions made’ by Chandrasekhar regarding the intensity and wavelength distribution 
of the radiation from negative hydrogen ions are in such good agreement with 
solar observations that at present no astrophysicist doubts that sunlight must 
be attributed to H™ radiation. 

The fundamental process is described by 


Hatom + €=H + hy. 


H~ is a stable ion with the helium configuration. Its stability has been 
established by mass spectroscopic studies. Actually, however, the H” ion was 
first detected by Nernst in electrolysis of molten LiH which, contrary to ex- 
pectations at the time, dissociated into Lit and H~. The ionization energy of 
an H” ion, i.e., the energy released as a result of attachment of an electron 
to the H atom, is only 0.75 v. Whereas for the other elements the continuous 
spectrum extends from the series limit to the side of shortwave lengths, in the 
given case the energy of the free-free electron transitions in the field of the 
H atom is of the same order as the ionization "work". Hence the H~ continuum 
associated with both free-bound and with free-free electron transitions extends 
from the infrared through the entire visible region into the far ultraviolet. 
The precise distribution of intensities can only be determined by calculations, 
which, in contrast to the case for other atoms, can be carried out precisely 
for hydrogen. 

While the intensity distribution in the solar spectrum corresponds to the 
calculations of Chandrasekhar, physicists are faced with the problem of why 
Geissler tubes filled with hydrogen do not emit “sunlight”. It would obviously 
be of scientific interest to reproduce sunlight artificially in a hydrogen fil- 
led discharge tube. Clearly, production of such radiation on a large scale 
would be of practical value. It turns out, however, that the formation of H™ 
ions is not readily susceptible of observation inasmuch as the processes occur- 
ring at different temperatures differ radically. 

If the temperature is too low, there are no H atoms present (only Hg mole- 
cules) and, naturally, the H' continuum cannot appear. 

If the temperature exceeds 3000°, an ample number of molecules dissociates, 
i.e., H atoms are present, but an adequate supply of free electrons is still 
lacking. 

At still higher temperatures, part of the H atoms are ionized. Now there 
are both electrons and atoms in a sufficient number for formation of H™ ions 
and, accordingly, the H” continuum can appear. 
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Rees) Syhsfem® If the temperature is still somewhat 
? higher, there form many H+ ions which 
4 sae "intercept" the free electrons. Consequent- 
ly, ordinary recombination 
v= 
oy Ht + € = H + hy 
obtains. 
The situation is illustrated in Fig.l. 
Each curve corresponds to a constant value 
of the ratio v= Iy-/Iy5 the ratio of the 
, r ‘ 4 opel intensity of H™ radiation to recombination 
<1 10,~ °t radiation. It will be seen that in order 
Fig.1. Theoretical ratio v= Iy-/Iy to obtain a high intensity H™ continuum one 
for a pure hydrogen atmosphere as must have a temperature somewhat under 8000°K 
a function of the temperature and and the highest possible pressure. 


pressure (after Vitense), 1 - The curves of Fig.l were calculated for 
values obtained in an arc dis- a pure hydrogen atmosphere. What are the 
charge, 2 - values obtained for conditions on the Sun? The surface tempera- 
a spark. ture there is of the order of 5000-60009; 


the pressure about 104-105 dyne/cm2. Hence 
the intensity ratio v ~100. It must be recalled, however, that in the solar 
atmosphere there are more free electrons than in a pure hydrogen atmosphere ow- 
ing to the presence of readily ionized elements. Thus virtually the entire con- 
tinuous spectrum of the Sun is due to H™ radiation. Would there be any advant- 
age under laboratory conditions to add easily ionized elements to the hydrogen 
in the discharge tube in order to increase the free electron density and thereby 
the H~ radiation intensity? Analysis shows, however, that the problem cannot be 
solved so easily. The addition of a sufficient amount of impurities to increase 
noticeably the number of free electrons is accompanied by an increase in the in- 
tensity of the continuous radiation of the ionized atoms of these impurity ele- 
ments and this radiation masks the H” continuum. Hence there is no practical 
advantage to introducing easily ionized elements into the discharge tube. In 
this respect our laboratory equipment is at a disadvantage: owing to the huge 
size of the Sun, the influence of even a minute amount of alkali elements be- 
comes noticeable. We shall return to this point below. 

Thus in order to obtain intense H™ ion formation in the laboratory one must, 
according to Fig.l, produce a thermal plasma with the highest possible pressure 
and a temperature not exceeding 8000°. The use of an arc or spark discharge 
would seem indicated. At this point, however, we encounter a serious difficulty, 
namely, the good heat conductivity of gaseous hydrogen. Hence to maintain the 
arc one must supply a large amount of energy, i.e., there must necessarily be a 
high temperature at the arc axis. At atmospheric pressure, the temperature at- 


‘tains 11,000°K or higher, i.e., is too high for intense H~ emission. In attempt- 


ing to obtain the continuous spectrum of H~, we tried several approaches. 

1) We observed an arc discharge at a temperature of 11-12,000°K in Ho at 
atmospheric pressure“; as can be seen from Fig.1, in this case 7 = Iy-/Iy is 
only of the order of unity. 

2) We observed a spark discharge through a capillary? filled with H9; the 
discharge spectrum was observed by means of a rotating mirror. Inasmuch as after 
the discharge the temperature falls off rapidly, it proved feasible to work in 
the 12,500-16,000° interval with P = 30 atmos. Here again v is of the order of 
unity. 
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3) We observed arc discharges at pressures from 150 to 500 atoms, true, not 
in pure hydrogen but in an atmosphere of water vapor; in this case the tempera- 
ture was about 12,0009; hence v #15. 

What is the measurement technique for the H”~ continuum? First the tempera- 
ture and electron density are determined from the contours of the Balmer lines 
and then the Ty /1y from Fig.l. If the absolute intensity of the observed con- 
tinuous spectrum corresponds to the sum of the H~ and H continuums as calculated 
according to Chandrasekhar and, respectively, according to Lorentz, this substan- 
tiates the interpretation. If in addition the measured absolute intensity varies 
with the wavelength and temperature as predicted for the sum of the H™ and H 
spectra, we must assume that the interpretation of the measured spectrum is cor- 
rect. 

Inasmuch as the intensity of the Balmer lines at a given temperature can be 
calculated theoretically with high accuracy, one can with good precision deter- 
mine the absolute intensity of the continuous spectrum from the relative measure- 
ments by experimental comparison of the lines and background. 

We would now like to describe in some detail the new results obtained by 
the shock wave technique. As you know, the tube in which the shock wave is set 
up consists of a high pressure chamber, a diaphragm and a low pressure chamber. 
Upon rupture of the diaphragm, the shock wave is propagated in the low pressure 
chamber. The temperature of the shock wave depends on the gases used and the 
initial pressure ratio. The highest temperatures are attained for a high pres- 
sure ratio and in addition when a light diatomic gas drives a heavy monatomic 
one. The emission occurs in the low pressure, driven gas. Hence to observe the 
hydrogen continuum one must fill the low pressure chamber with hydrogen. 

Since the driving gas must be as light as possible, again hydrogen would 
seem an obvious choice. In this case, however, too low a temperature is obtain- 
ed: a weak emission is observed only in the reflected shock wave at the end of 
the tube. Hence for the low pressure gas one must use a mixture containing some 
heavy gas, preferrably one of the noble gases. We chose a mixture of krypton 
with hydrogen. 9 In this case one can expect a sufficiently high temperature, 
which can be regulated by varying the krypton concentration or the pressure ratio. 
The ionization potentials of hydrogen and krypton are almost equal. Hence the 
contribution of positive krypton ions to the intensity of the continuum will be 
of the same order of magnitude as the contribution of the positive H ions. More- 
over, the degree of ionization of krypton is 12 times greater than the degree of 
ionization of hydrogen inasmuch as the ratios of the sums of the ion and neutral 
atom states that enter into the Saha equation for determining the electron con- 
centration are 6 for krypton and 1/2 for hydrogen. Because of this krypton acts 
as an additional electron donor, i.e., gives the effect we originally tried to 
obtain by adding easily ionized elements. The temperature in the reflected 
shock wave* lay within the range from 8000 to 10,500°K; the pressure in the 8 to 
29 atmos range. Hence we have a value of about 50 for the Iy-/1y ratio. 

Fig.2 shows the calculated temperature dependence of this ratio. ‘It will 
be seen that actually a nearly pure H” continuum is observed. 

Of great interest also is the variation of the H™ continuum with wavelength. 
This is plotted in Fig.3. It will be seen that the intensity falls off consis- 
tently as we go to shorter wavelengths, as required by theory. At about 4100 A 


*The observations were carried out for the reflected shock wave. According 
to the data of oscillographic measurements with an expanded sweep, the emission 
and, hence, the temperature were constant over an appreciable interval. The de- 
crease of emission and temperature owing to attenuation of the shock wave dis- 
torts the results by not more than 10%. 


TT 


log (7xy 4,) 


; ee EM we wie kee! 
fer 9000 1000 TK 6000 5500 5000 4500 Oc 


Fig.2 Fig.3 
Fig.2. Calculated intensities of the continuous spectra of Kr, H and H™ as func- 
tions of the temperature (for X = 4565 A). 
Fig.3. Measured variation of the H~ continuum with the wavelength. 


there is a rise in intensity, which appears puzzling at first glance. It can be 
shown, however, that the jump in intensity at the Balmer series limit is due to 
broadening of the Balmer lines shifted to the side of longer wavelengths. Evalu- 
ation of the electron density on the basis of this displacement carried out by 
means of the -Inglis-Teller® equation, led to a value which differs little from 
that obtained on the basis of the shock wave data. We also calculated the mag- 
nitude of the intensity jump. In Fig.4 we have plotted the calculated jump and 
its sum with the continuous spectra of krypton and H” (logarithmic scale!). The 
integral curve is in close quantitative agreement with the measurement results. 
log (nx, 6,) Thus we find that the H™ continuum can 
60 be detected in diverse light sources. [In an 
arc or spark discharge there are superimposed 
upon it other continuous spectra of approxi- 
mately the same intensity. In a shock wave 
there is observed an almost pure H™ spectrum, 
i.e., with an intensity 50 times greater than 
the continuous spectrum due to other factors. 
While we are still far from being able to 
make practical use of H™~ radiation, we can 
safely assert that we have experimentally 
proved the mechanism of solar radiation. 
To make sure that we have actually been 
dealing with the continuous spectrum of H’, 


20 


80 


"$0 60 70. vil 4sec71 the experimental results were constantly com- 
Wes oy : : pared with theory. Finally, we note that, 
6000 5500 S000 = 4500 4000 A as Fig.4 shows, the intensity of the H™ spec- 


Fig.4. Calculated variation in in- trum increases in going from shorter to long- 
tensity of the continuous spectra er wavelengths. At present we plan to follow 
of Kr and H™ and of the H spectrum the H-~ spectrum into the infrared. 

with the displaced series limit cor- 

responding to an electron density Institute of Experimental Physics, 

M_ = 1.5°1017 cm-S, Kiel University, Kiel, Germany 
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SPECTROSCOPIC INVESTIGATION OF THE ROTATIONAL MOBILITY OF MOLECULES 
IN QUASILIQUID CAMPHENE AND TRICYCLENE CRYSTALS 
- Ang Men Tok, M.F.Vuks & D.S.Nedzvetskii 


So-called quasiliquid crystals have a number of distinctive attributes. The 
investigations of Gross & Raskin? have shown that the Raman spectra of such crys- 
tals exhibit many similarities with the spectra for the liquid phase. Thus, for 
example, in the spectra of crystalline camphene and hexachloro ethane, they ob- 
served almost the same wings near the lines as in the spectra of the molten sub- 
stances. 

The methods developed in our laboratory for inves- 
tigating line broadening - the resonance filter proce- 
dure and the spectrographic method2,3 - made it feasible 
to carry out a more careful comparison. We investigated 
two quasiliquid crystals, namely, camphene and tricyclene; 
the first substance melts at 51°; the second at 64°. The 
measurements were carried out in the range from O to 
150°. Both substances, and particularly tricyclene, are 
characterized by very weak anisotropic scattering. This 
naturally hampered the investigation. 

The accompanying figure shows the results obtained 
for camphene. The relaxation times were calculated by 
Temperature dependence means of the Leontovich formula 
of the orientational 
relaxation time T of 1 = ae (1) 
the camphene molecule: 

1 - points obtained by where I is the intensity at the distance Aw from the 


t-10" sec 


0 50 100 150°C 


the spectrographic center of the line and Tt is the relaxation time. 

method; 2 - points ob- Measurements were made both by the spectrographic and 
tained by the reson- the resonance filter methods. Allowing for the addition- 
ance filter method. al error due to the weak scattering, the results of both 


methods are in good agreement. This shows that Eq. (1) 
correctly describes the intensity distribution over the line contour. The curve 
shows that in the case of camphene there is only a slight decrease of the relax- 
ation time in going from the solid crystalline to the liquid state. This means 
that the width of the scattering line remains virtually constant. 

The same thing applies to the intensity of anisotropic scattering which, as 
may be seen from Table 1, increases very slightly. A more substantial change is 

observed in the isotropic component: 

Table 1 its intensity almost doubles (second 

Scattering intensity in camphene line in Table l). 

Polarized Similar results were obtained for 
component tricyclene, except that in the case of 
this substance no abrupt change in the 


Weak coh 0.20 line width was detected at the melting 
Strong (I,) ha point. It should be noted, however, 
*I, for benzene taken equal to l. that we could not come closer than 20° 


to the melting point owing to the de- 
velopment of opalescence which increases rapidly as the melting point is approach- 
ed. 

The relaxation times t for camphene and tricyclene at three different tem- 
peratures are listed in Table 2. We note that the relaxation times in both sub- 
stances are virtually equal, which, of course, is connected with the similarity 
of the structure and size of these two isomeric molecules. 


we 
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Table 2 Our relaxation times are in good agree- 
Relaxation times tT in 10-12 sec ment with the values of Tdip/3 obtained by 
Temperature Gol'tsman & Raskin? for a number of quasi- 
liquid crystals with a similar chemical 
structure - camphor, bornyl chloride and 
Q-chlorocamphor - by the method of anomalous 
dispersion of electromagnetic waves. 

If we plot our data in 1/T vs log Tt co- 
ordinates, we find that all the points for 
tricyclene fall on one straight line and those for camphene on two close straight 
lines - one for the crystal, the other for the liquid. This means that the tem- 
perature dependence of the relaxation time is adequately described by the familiar 

UL ‘ 
Frenkel formula: tT = T,¢"’ , where U is the height of the potential barrier for 
molecular reorientation. On the basis of our data we obtained the following 
values for U: 


Substance 


Camphene 
Tricyclene 


Camphene, crystalline 1.5 Kceal/mole 
Camphine, liquid 2 I ll = 
Tricyclene i ‘ 

What conclusions can be drawn from our results? 

The small change in the intensity of the anisotropic scattering in going 
through the melting point indicates that the orientational disorder in the crys- 
tal virtually does not differ from the disorder in the liquid. The fact that 
the line width is the same in the spectra of both the crystal and the liquid shows 
that the rotational mobility of the molecules in the quasiliquid crystal is vir- 
tually equal to the mobility in the liquid. These data substantiate Frenkel's 
inference” regarding orientational melting in quasiliquid crystals. 

The absence of orientational order and the possibility of rapid molecular 
reorientation in wuch crystals are consequences of the low anisotropy and small 
elongation of the molecules. This is evinced by the low value of the molecular 
reorientation energy (1.3-1.5 Kcal/mole) which amounts to only twice the mean 
energy for one degree of freedom of vibrational motion. 
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PHOSPHORESCENCE SPECTRA OF SOME AROMATIC ACIDS AT LIQUID AIR TEMPERATURE 
- B.A. Piatnitskii 


I. Benzene and its derivatives, including the aromatic acids, phosphoresce 
at low temperatures. Earlier! »2, we studied the phosphorescence ode law and 
the lifetime of the metastable state in molecules of aromatic Ropes at ioe 
temperatures. In the present work, we investigated the phosphorescence spectra 
of alcohol solutions of benzoic (CgH5COOH], phthalic [CgH4(COOH) |, and alli 
[CgH2COOH (OH) 3] acids at the temperature of liquid Rivas es E : 

The phosphorescence spectra of phthalic and gallic acids were not investi- 
gated in previous studies?-7 devoted to the phosphorescence of aromatic compounds 
at low temperatures3~“, Only Kowalski3 gives some data on the phosphorescence 
spectrum of benzoic acid. The phosphorescence spectra of aromatic compounds at 
the temperature of liquid air consist of bands of different intensities and have 
a vibrational structure®. The phosphorescence bands are associated with transi- 
tions from an excited metastable level to the various vibrational levels of the 
ground state. 

As was shown by Terenin®, the metastable state of organic molecules is a 
triplet state, which is characteristic of the benzene ring in all aromatic com- 
pounds. 

Phosphorescence involves violation of one of the fundamental spectroscopic 
selection rules - the rule forbidding intercombination - and frequently simultane- 
ous infraction of another rule - that imposed by symmetry considerations®, Hence 
investigation of phosphorescence makes it possible to establish the limits of ap- 
plicability of these basic assumptions of spectroscopy and to obtain some informa- 
tion on the triplet state of organic molecules. A study of the latter is meaning- 
ful since the triplet (biradical) state of organic molecules is supposedly the 
first stage in several important chemical reactions, especially oxidation. 9 

II. The phosphorescence was excited with a PRK-2 mercury tube. The spectra 
were photographed using an ISP-51 (1:2.3) three-prism glass spectrograph with an 
0.04 mm slit. The alcohol solutions of the aromatic acids were placed in metallic 
cells of special design?. The luminescence was concentrated on the spectrograph 
slit by means of a mirror. The photograph- 
ic shutter was located in front of the 
spectrograph slit. The spectrograms were 
scanned on an MF-2 photoelectric micro- 
photometer. 

The microphotograms of the phosphor- 
escence spectra of the alcohol solutions 
of benzoic, phthalic, and gallic acids 
are shown in Fig.l. The wavelengths 
were determined by interpolation between 
the lines of mercury, using Hartmann's 
formula. 

III. Since the bands in phosphores- 
cence spectra are usually explained as 
the result of transitions of the molecules 
from an excited (metastable) electronic 


Fig.l. Microphotograms of the visible level to the various vibrational levels 

_ region of the phosphorescence spectra of the ground state, the frequency differ- 
of: I) benzoic acid, II) phthalic acid, ences between the band peaks in the phos- 
and III) gallic acid. phorescence spectra should be equal to 
idl the vibrational frequencies in the unex- 
at: cited state or to combinations thereof. 
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Analyzing, in each of the spectra, the frequency difference between the 
peaks of the successive bands, we came to the conclusion that there were present 
in our spectra the specific vibrational frequencies vi vil vill and viv. Using 
these we can calculate the frequencies of the band maxima in the phosphorescence 
spectra by means of the following equation: 


¥ = Vy —- Nyy! — ny!!! — ngv!ll — nyylV, (1) 
where v, is the frequency of the highest frequency peak and 1 ,2, nm; and ny are 
constants for each maximum. This equation also gives the series formula for each 
of the spectra. The values of », and the vibrational frequencies in each spec- 
trum are listed in Table l. 


| 


2 


Table 1 


vibrational fye- 


quencies, cm 


TE 1. T¥ 


v 


r x P ! es | os | 

Penzoic 24685 | 313 608 | 1187 |826 
Phthalic | 21739 | 313) 608] 1182 |992 
Gallic 23283 | 313 | 608 | 1187 | — 


The vibrational frequencies 
of Table 1 were also observed in 
the spectra of other aromatic com- 
pounds® ,10, The frequencies of the 


Fig.2. Diagram characterizing the bands band peaks determined from the micro- 
in the phosphorescence spectrum of gal- photograms and those calculated from 
lic acid. the series formulas are given in 


Table 2. The formative diagram for 
the phosphorescence spectrum of gallic acid is given in Fig.2; here, the band peak 
lines are arranged in a series according to Table 2. An analysis of the phosphor- 
escence spectra leads to the following conclusions. 

1. The phosphorescence spectra of aromatic acids consist of a series of bands 
having maxima of different intensities. The phosphorescence spectrum of benzoic 
acid in the visible region extends from 4047 to 5431 A and contains eight bands. 
The phosphorescence spectrum of phthalic acid is located in the 4034 to 5837 A re- 
gion and consists of five bands. The phosphorescence spectrum of gallic acid is 
located in the 4276 to 6293 A region and contains 10 bands. 

2. Phosphorescence spectra of aromatic acids at the temperature of liquid 
air have a vibrational structure. 

3. All the acid spectra comprise two common vibrational frequencies v!= 
= 313 cm=1 and yv!l = 608 cm-l, associated with vibrations in the C-H and C-C bonds 
of the benzene ring®~9, 

4. The frequencies of the band peaks satisfy Eq.(1) for all of the phosphor- 
escence spectra. 

5. Identical series of the form »=v—™” and »=v,—n,v!! appear in the 
phosphorescence spectra of benzoic and gallic acids. 
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Table 2 
SY 
ak 
Peak . - V, & Series 
No “A 0. | Series formula n 
eivhs exper. calc. 
s ’ 
I. Benzoic acid 
4 5133 19482 19472 | ny=0 
‘ | 5305 18850 18846 | I yv=v,— 2vIV— 3yl1I—n,vl n,=2 
8 5388 18560 18533 ny=3 
4 4051 24685 24685 No =0 
3 5045 19822 19821 v=vy—ngvll n=8 
5) 5203 19220 19213 ng=9 
2 4339 wee 23033 wal nis Ng=0 
4 | 5133 | 19 2 | 19472 | | yv=v!— 2vlV—ngyllI | dist 
1 . mies 24685 5 ny=0 
6 I 5 | 19033 | 90st | AV ao | n,=18 
ll Phthalic acid 
4 | 4600 | 21739 | 21739 | | 
4 5433 18406 18383 m= 
s | 3735 | 17437 | 17444 | [| vevy—2vill—viV—nyl | nad 
2 5161 19376 19375 = no=0 
3 | 5328 | 18769 | issé7 | | v=vy—2vttt —ngvit Speer 
II. Gallic acid 
1 4295 | 23283 23283 n= 
2 4739 | 241101 21092 ee ny=7 
5 5473 18271 18275 2d Ing be ny=16 
6 5569 17956 17962 m=17 
{ 4295 | 23283 | 23283 Ng en 
3 9292 19040 19027 pS GEES f fs 
8 6021 16608 16595 boris i tia ay no=11 
10 6257 15982 15987 no=12 
2. Gow a oe ee 5337 18737 18714 es jee A fe lil n3>= 
9 | 6152 | 16355 | 16340 | backs NaN, a | ng=2 
3 5252 19040 | 19027 ; oe aie n= 
>. 5753 | a7ag2 | 17462 bran a al lam | m=5 
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DETERMINATION OF THE ROTATIONAL CONSTANTS OF CH2GeC1, 
FROM ITS MICROWAVE ABSORPTION SPECTRUM (Summary) 


- N.A. Irisova 


The report comprises data from a preliminary investigation! of the micro- 
wave absorption spectrum of CH3GeC1., as well as new results on determination of 
the rotational constants A and C. 

For the purpose of determining A and C, we _recorded the absorption spectra 
of the compounds CH,Gec135c137 and cH4Gec135c137, which are asymmetrical-top 
rotators, at the natural concentrations of C19° and C137 for the J = 2-3, 4-5, 
5-—>6 and 7-*8 transitions. The experimental conditions for these new measure- 


ments were the same as described in Ref.1l. 


Owing to the low intensity of the CH3Gec135¢137 lines, the uncertainty in 
determining their frequencies was +15 Mc. 


We determined the frequencies 


Transition Average fre- Average fre- and intensities of all (2J + 1) the 
. & quencies of quencies of asymmetrical-top components for each 
JJ + 1 CH3Gec13°c137 CH3GeC135c137 observed J transition and plotted 
absorption absorption the usual curves. The curve envel- 
lines, Mc lines Mc opes showed that the average fre- 


quencies of the observed lines cor- 
respond within the limits of the 
experimental error to the frequen- 
cies of the following transition 
components: 


6) *y S ~ . he ) 
“127 922 Avg > Joqy 147 > Hog, a6 - Bag. 


Then by the method of successive approximations we determined the values of 
A, B and C at which the calculated frequency values agreed with the experimental 
values for the a transitions. 

For C12q4Ge74c13°c137 we finally obtained A = 1585 + 2 Mc, B = 1567 + 2 Mc 
and C= 1192 + 25 Mc. 

The large uncertainty for C is explained by the fact that the structure of 
the given molecule is close to a symmetrical-top rotator. 


The writer desires to express her deep gratitude to A.M.Prokhorov for valu- 
able discussions. 


"P.N.Lebedev'' Physical Institute, 
Academy of Sciences of the USSR 
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METHOD OF QUASINORMAL COORDINATES IN CRYSTAL OPTICS 
- V.S.Mashkevich 


Introduction 


There are two methods for treating electromagnetic waves in crystals. In 
the first, the wave field is considered to be external with respect to the parti- 
cles constituting the crystal and thus the wave causes forced vibrations of the 
crystal lattice. This method may be called the external field method or the meth- 
od of forced vibrations. 

The other approach is more consistent and may be called the internal field 
method or the method of natural vibrations. It is based on the extinction the- 
orem? , according to which an incident electromagnetic wave does not penetrate 
into the crystal, but merely excites natural vibrations in it. One then deals 
not with forced vibrations, but with free vibrations of the system consisting of 
the internal field and the oscillating dipoles. 

Accordingly, there exist two different ways of treating the absorption of 
infrared light by lattice vibrations. From the standpoint of the forced-vibra- 
tion method, the light wave is absorbed as it transfers its energy to the lat- 
tice vibrations.2 From the natural-vibration point of view, the absorption is 
due to anharmonic scattering of the energy of the vibrations which "carry the 
light'’. The fundamental process in the first method is first-order absorption. 
But in the usual treatment by the natural-vibration method one-phonon absorption 
is impossible since in the harmonic approximation the normal vibrations of the 
crystal lattice are independent. Thus the fundamental process in this method is 
second-order absorption. 

In my opinion the reason for this disagreement is the following. The ab- 
sence of one-phonon absorption in the natural vibration method results from as- 
signing the propagation of an electromagnetic wave with a given wave vector k to 
a single normal vibration (with the same k). I have shown, * however, that ina 
homopolar crystal a wave described by a single normal vibration with a definite 
frequency does not behave like a light wave. A wave that behaves like a light 
wave can be represented only by a superposition of two normal vibrations with the 
same k, but with different frequencies. A wave represented in this way and hav- 
ing the character of a light wave can, however, undergo one-phonon absorption. 

I have given the name “quasinormal coordinates" to the superposition of normal 
coordinates designed to describe the propagation of light and its one-phonon ab- 
sorption, since in a homopolar crystal the coupling between the vibrations of 
these coordinates is very small. 

The present paper is a general description of the method of quasinormal co- 
ordinates and gives an application of this method to ionic crystals of the NaCl 


type. 


Quasinormal Coordinates 


There are at present two approximations used in the theory of crystal lat- 
tice vibrations. These are the point-particle (atom or ion) approximation? and 
the dipole approximation.%3,° In the point-particle approximation, the state of 
a particle in the crystal is described by its displacement th Stella / is the num- 
ber of the unit cell, and s is the number of the particle in it). In the more 
accurate dipole approximation one must use, in addition to the displacement, the 
dipole moments due to deformation of the electron shells. One may write p/-u,! 
and p.! as superpositions of normal vibrations in the form 
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“Pees | 
u! = )) q*(k) u2(k)e* 


a,k 


l 


pi = ,’ 2(k 2 (k ed 
% 9° (k) pz) ¢ (1) 


where « is the number of the branch of the normal-vibration spectrum, the u?(k) 
and p*(k) are the normal-vibration amplitudes and the g*(k) are normal coordinates. 
According to the equations of motion, the ,*(k) are harmonic functions of 
the time. Hence with appropriate normalization of the displacement and dipole- 
moment amplitudes, the crystal energy in the harmonic approximation becomes 


H = >) (97 (k) g* (k) + 2 (kk) g? (k) g? (k)], (2) 


a,k 


where w,(k) is the frequency of the corresponding normal vibration. 
We introduce new generalized coordinates (*(k) by 


q* (k) = >} Cas (k) QO” (k): (3) 
and then (1) becomes 


oe | 
u! = 3) Q*(k) UZ (kes, 


ee | be (4) 
p! = sy i (k) P? (k) ae 
ak 
where é. 
U; (k) = 2 Cea(k) us (k), PS (k) = >) cea (k) p® (k) (5) 


are new displacement and dipole-moment amplitudes. We normalize the Ca, by 
Di! eee (k)|? = 4, (6) 


indicating equivalence of normalization of the new and old amplitudes; then in 
the Q coordinates H becomes 


H=Ho+H', (7) 


Ho = Yi 1Q* (k) O (k) + Q5 (ky) O (ke) Q* (k)I, (8) 
a,k 


°°; 


H'= >) >; [> Cay (Kk) Cua(k) Q* (k) Q* (k) + S02 (k) Ci. (k) Cua (k) QO" (k) Q* (k)| +c.c (9) 
k a<y¥ ic} [: 


oO 


where c.c. denotes the complex conjugate quantity, and 
O% (k) = D2 (k) | Cea (k)|? (10) 
8 


are the squares of the coordinates corresponding to the Q coordinates. 

The essence of the quasinormal coordinate method is to choose the c,, SO as 
to obtain Q« which will describe both light waves and vibrations which are known 
not to have the characteristics of light waves. Then H', which gives the coupling 
of different Q vibrations in the harmonic approximation, will describe one-phonon 
light absorption, and will thus give qualitative agreement with the forced-vibra- 
tion method. 

The specific choice of the ¢., is dictated, of course, by the particular 
type of crystal, but it must satisfy some general requirements that may be estab- 
lished by examining the internal electric field 


R ‘ie, 


y ~ x ieee pee 
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eo q* (k) ex (k)e®, 
a,k ( (11) 
where e! is the field strength at r' due to all the dipoles in the crystal except 
that at the given point, and e* (k) is the amplitude corresponding to the «k norm- 


al vibration, and is given by 


~ 4 fax n2 (p*, s) s — p”| 
| ies ora Ga a2) 
Here A is the volume of a unit cell, 
p* = >) (p? + ¢, u), (13) 


is the charge of the s-th particle of the cell, n,(k) is the index of refraction 
for the «k vibration, f, is a linear function of the displacements and dipole mo- 
ments which approaches zero together with k and s is the unit vector in the k 
direction. 

Transforming to Q coordinates in (11), we obtain 


Ei = yee (k) e (k) elle (14) 
ak 


where the new amplitude is 


= pa Cea e°. (15) 


It is natural to require that for light waves Pos have a structure analogous 
to (12), and that it vanish for other vibrations. This requirement gives 


n2 (p®, s) s— p* N2 (P% — Pe 
Eh halide deal ae Ne deal (16) 
6 ny — 1 Ne—{ 


where « signifies the light-wave branch, and 
Dd) ca e8 = 0 (17) 


where « now signifies the nonlight-wave branch. © 
The P* are defined in analogy with (13); -Va(k)is the index of refraction 
corresponding to Q*(k), and it follows from (10) that 
Bo OS 60 |" (18) 


= / 
i} 


» 


Na 
NaCl Type Ionic Crystals 


The inclusion of the polarizability of the particles gives only quantitative 
corrections for ionic crystals, corrections which do not affect the qualitative 
aspects of the spectrum.3,5 Since we are not attempting here to obtain quanti- 
tative results, we shall therefore make the point-ion approximation. The vibra- 
tion spectrum consists of eight branches, three of which are acoustical and the 
rest optical (one longitudinal and four transverse). Of these, we shall consider 
the transverse optical vibrations since these are the ones that actively parti- 
cipate in the light propagation. For an ionic crystal H' is nonzero even in the 


=i hal 
_ 
— 
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zeroth approximation in k; we shall restrict our treatment to this approximation. 
Then the frequencies pertaining to the two different polarizations are equal; 
this is therefore true of all other results. We shall therefore supress the 
polarization index. 

The two indices in the c,, take on the values 1 and 2, corresponding to the 
two g and two Q@ coordinates. Let Q! correspond to light vibrations; then the 
C,, can be found from the general equations (16) and (17). Making use of the 
transverse polarization and inserting (12) into (17), we obtain 

Ff 4 \ 

Cio + af peat, + Cy D(z  <— a =0, (19) 


n= — 1 


where Dis a quantity which appears as a result of the normalization of ampli- 
tudes. Together with (6), (19) is sufficient for the determination of c,, and 
Coo» From (16), we obtain 

en 1D e+ en D 


nt i ns eet oie N?—1 . (20) 


Inserting (18) and using (6) we find that 


11D Co, 


C3, Co. | ————— — | = 
Pitt Freee ni (n® — =| 0. C21) 
The vanishing solutions are discarded, for they lead to the initial original 
normal vibrations; therefore 
¢11 D i C21 aay 
nt (n> — 1) ns (ni — 1) i (22) 
Together with (6), Eq.(22) determines c,,; and ¢x. Thus the introduction of 
quasinormal coordinates has served its purpose. 


Kiev Polytechnic Institute 
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SPECTROSCOPIC INVESTIGATION OF CRYSTALS 
- A.F.Prikhot'ko 


Optical and spectral studies occupy an important place in the physics of 
non-metallic solids; such studies facilitate direct investigation of the energy 
structure of crystals, observation of processes occurring in them under different 
conditions and elucidation of the mechanism of a number of effects, particularly 
luminescence and photoconduction. Systematic investigation of crystal spectra be- 
gan with the work of I.V.Obreimov who suggested that the continuous absorption of 
solids is due to disordered interaction of particles caused by thermal vibrations. 
Upon cooling an organic crystal - azobenzene - to liquid helium temperature, in- 
stead of the usual continuous absorption observed at room temperature, Obreimovl 
obtained a discrete line spectrum with clearly discernible electronic-vibrational 
characteristics. 

The intrinsic absorption of anisotropic crystals is pleochroic. Many if not 
all the bands in their spectra are sharply polarized. Comparison of the absorp- 
tion spectra of crystals with the spectra of the corresponding vapors makes it 
possible to assign some of the bands of this type to excitation waves or quasi- 
particles - excitons - propagating in the lattice and possessing translational 
symmetry. 29% The exciton mechanism is important in theoretical interpretation 
of absorption and, particularly, luminescence. 

In absorbing light a crystal acquires energy, the amount of which depends 
on its electronic and vibrational states. These states in the case of molecular 
crystals may be divided into intra- and intermolecular states. In the case of 
weak interaction of the electronic and vibrational excitations, the absorption 
bands at low temperatures are, as a rule, narrow and form clear series, through 
analysis of which one can establish the electronic and vibrational terms. By 
way of example, one can cite the familiar example of simple aromatic compounds 
- benzene and its numerous homologues, naphthalene and phenanthrene - in the 
regions of weak absorption. 

Strong interaction of the excitations, which usually occurs in the case of 
high oscillator strengths, leads to an appreciable broadening of the bands, such 
as is observed, for example, in the spectra of anthracene, naphthacene, stilbene 
and tolan crystals. Typical series regularities obtain in the absorption, but 
are often difficult to distinguish and analyze.4 

It is significant that the spectra of the same strongly absorbing compounds, 
if their molecules are separated by an extraneous crystalline medium, become line 
spectra with distinct series and serve as a source of valuable information on 
intramolecular vibrations. 9°» 

In all cases the bands of a crystal spectrum are connected by a continuous 
background, which is generally the stronger, the greater the excitation interac- 
tion and the higher the transition energy. The fact that the background weakens 
with decreasing temperature allows us to associate it with phonons (lattice vi- 
brations). 

An excited crystal spontaneously returning to the ground state releases the 
energy acquired by it in excitation; this energy is transformed into heat, lumi- 
nescence or a photocurrent or may be expended on a photochemical transformation. 
Depending on the structure and character of the crystal, one or another of these 

processes may dominate: in semiconductor crystals photoconductivity PESIMBLHALS e) 
in phosphors - luminescence. The luminescence mechanism in crystals is unique. 
Regardless of the state of electronic excitation of the crystal, the luminescence 
is radiated only incident to a transition from the lowest excitation state to 

the ground state. The process occurs as though the crystal changed all the en- 
ergy it absorbed by radiationless transitions into a multitude of phonon waves 
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and the exchange was barred only by the potential barrier between the ground and 
first excited states. In an ideal crystal at absolute zero the lines associated 
with the transitions between these states should have a common frequency in the 
absorption and luminescence spectra. Actually, however, the effect is more com- 
plicated. 

Careful comparison of the intrinsic absorption and luminescence of a crystal 
shows that there is a frequency gap between the beginning of the two series of 
lines, a gap that persists even if reabsorption of the luminescence is taken in- 
_to account. It is filled with weak bands and absorption lines, differently polar- 

ized and not directly related with the series absorption. Usually such'bands are 
single although sometimes they have some repetitions in the spectrum. They are 
always weak; located in the immediate proximity of the beginning of intrinsic ab- 
sorption, which in the case of thick crystals frequently seems to be continuous, 
they form what is frequently called the "structure of the absorption edge". This 
structure frequently proves to be variable, i.e., the shape, polarization, inten- 
sity and frequencies of the bands vary not only from crystal to crystal but some- 
times from one section of a crystal to another. Part of these bands, the longer 
wavelength ones, penetrates into the luminescence region coinciding in frequency 
with the initial lines of its series, which are characterized by the same vari- 
ability as the absorption. This effect in cadmium sulfide crystals was explained 
by Broude, Eremenko & Rashba’ as being connected with the absorption and emission 
of energy by a lattice with defects disturbing the translational symmetry of the 
ideal crystal. The energy levels of such an imperfect lattice are located close 
to the levels of an ideal crystal. Their relative fewness is evinced by the 
weakness of the absorption corresponding to transitions to these levels. The vari- 
ability of the absorption and the ensuing luminescence is due to variations in the 
distribution of defects in different crystals and different sections of the same 
crystal. The “resonance” of such absorption lines with the initial lines of the 
luminescence series means that the de-excitation - emission - occurs from levels 
due to lattice defects. Such defects can arise as a result of lodging of parti- 
cles at interstitial sites, the formation of vacancies, introduction of impurities, 
structural discontinuities, etc. 

Similar effects obtain in molecular crystals: phenanthrene, stilbene, anthra- 
cene, etc. Anthracene, in view of its good scintillation properties, is being 
intensively investigated. Data on its spectrum, while generally in agreement for 
the region of intrinsic absorption, are conflicting for the weak long wave absorp- 
tion bands and luminescence. The variability of the luminescence of anthracene 
crystals was remarked on years ago by Obreimov et al8. Detailed investigations 
of the polarized luminescence and absorption of the crystal at liquid hydrogen 
temperature showed that the initial lines of the luminescence series coincide in 
frequency with a number of lines preceding the strong series absorption. Their 
variability is connected with the variability of the luminescence.? Heat treat- 
ment of stilbene crystals (heating for different times at different temperatures) 
results in appreciable changes in the absorption preceding the intrinsic absorp- 
tion region and to changes in the luminescence associated with this absorption. 

Impurities in the form of “natural contaminants’ are frequently encountered 
in organic crystals. These are often difficult to eliminate. The closer the 
“dimensions” of the impurity molecules to those of the host molecules, the more 
readily these enter into the lattice, where they act as defects. It is known, 
for example, that an admixture of naphthacene is difficult to remove from anthra- 
cene crystals, just as stilbene is only eliminated with difficulty from tolan 
and dibenzyl crystals. In the case of the latter the readily deformable stilbene 
molecule tends to assume the shape of the host crystal molecules. Such distorted 
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molecules play the part of lattice defects; these result in variability of the 
absorption and luminescence; the emission occurs from the levels of the imperfect 
lattice.> In addition to the effects obtaining in ideal crystals, in such im- 
perfect crystals there occurs transfer of the energy absorbed by the crystal to 
the impurity molecules. At sufficiently high impurity concentrations, the entire 
emission occurs from levels due to the contaminant. With increasing purity of 
the substance the luminescence series associated with the impurity disappear and 
the intrinsic radiation of the host material increases in intensity, attaining 
its full strength only when perfect purity is attained. This intrinsic radia- 
tion, however, proves to be connected with defects of the host lattice, as has 
been demonstrated for the cases of anthracene and phenanthrene?. Thus the in- 
trinsic defects of the host lattice and defects introduced from outside (impuri- 
ties) play similar roles, i.e., act as spatially separated centers distorting the 
ideal lattice and disturbing its translational symmetry. They may give rise to 
imperfect-lattice levels and new potential barriers that bar the radiationless 
transitions and facilitate emission of the absorbed energy. The general similari- 
ty of the effects observed in crystals of different classes and types, in ionic 
and molecular crystals, stems from the fact that they have a common cause, namely, 
disturbances of the translational symmetry of the ideal crystal. 

The spectra of crystals are extremely sensitive to such disturbances and 
hence can serve for investigating them. Crystal spectra are also sensitive to 
many other external influences. Heating and cooling have a strong effect on the 
position, shape, width and intensity of the spectral bands; deformations of the 
lattice, compression or stretching, lead to displacement and broadening of the 
bands, changes in intensity and polarization. The change in absorption of naphtha- 
lene crystals subjected to two-dimensional elongation is particularly noticeable. 
As a result of such nonuniform deformation the numerous narrow absorption lines 
constituting its familiar spectrum at 20°K transform into wide displaced diffuse 
bands, making the spectrum reminiscent of that observed at room temperature. Com- 
pression of organic crystals and cadmium sulfide crystals cooled to low tempera- 
tures produces diverse alterations of the spectrum, including disappearance of 
individual bands and the appearance of new ones, and radical changes in lumines- 
cence. 10 

Diverse structural changes - phase transitions, photochemical transformations, 
changes in molecular structure as a result of deuteration or other substitution 
- are also evinced in crystal spectra.11 All these factors greatly expand the 
field of application of spectroscopy of crystals, extending it beyond mere spec- 
tral analysis, and make it a useful tool for the solution of many problems in 
the physics of crystals. 

In connection with the development of the theory of absorption and disper- 
sion of light in media in which excitons can exist12, we undertook a detailed in- 
vestigation of these effects in crystals. Some preliminary results have already 
been obtained. We are making use of spectroscopic procedures developed for work 
at low temperatures for the solution of theoretical problems; it is hoped that 
this will extend the potentialities and further the development of spectroscopy 
of crystals. 


Physical Institute 
Academy of Sciences of the Ukrainian SSR 
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RELATION BETWEEN THE ABSORPTION AND DISPERSION IN CRYSTALS 
AS EVINCED IN THE CASE OF 1,2-BENZANTHRACENE 
- M.S.Brodin & M.S. Soskin 


Introduction 


While dispersion of light in non-condensed media has been studied rather 
thoroughly (Rozhdestvenskii, Zellmeyer, Lorentz2 and others), this can hardly be 
said of dispersion in crystals. The real beginnings of experimental investiga- 
tion of dispersion in molecular crystals are the studies of I.V.Obreimov, A.F. 
Prikhot'ko and their associates. The most general theory of dispersion with a 
phenomenological basis, which gives an integral relationship between dispersion 
and absorption, is the Kramers! theory which depends on Maxwellian electrodynam- 
ics. Davydov2 proposed a theory of dispersion in the region of exciton absorp- 
tion in molecular crystals. At present, Pekar3 is developing a theory of disper- 
sion in media in which excitons appear. 

The purpose of the present work was to study simultaneously the absorption 
and dispersion spectra of some molecular crystals and to compare the experimental 
results with formulae of the Kramers type. Most molecular crystals have complex 
absorption and dispersion spectra. It is most convenient, however, to work with 
a substance whose absorption bands are as far separated and intense as possible. 
Accordingly, we chose 1,2-benzanthracene. Its advantage as compared to many 
crystals was also the fact that two principal indicatrix axes of the refraction 
indices lie in the plane of the platelets obtained by sublimation. 


Experimental part 


The benzanthracene crystal belongs to the monoclinic system (space group 
C.? (P,,)), i.e., it has only one symmetry element: a screw axis of the second or- 
der. The molecules preserve a plane structure in the crystal, although the C-C 
bond length is somewhat distorted. 

The single crystal 1,2-benzanthracene platelets were grown from the pure ma~ 
terial by sublimation (the melting point of benzanthracene is 160°). These were 
very perfect films, uniform in thickness and with a specular surface. As was 
done previously4, they were placed in optical contact with a plane-parallel quartz 
plate. In this case there was some danger that stresses might develop in the 
crystal owing to different values of the coefficients of thermal expansion of 
the support and crystal; these stresses could lead to modification of the spec~ 
trum. However, a comparison of the absorption spectra of benzanthracene crys- 
tals of different thickness (0.25 to 0.6 1), photographed under identical condi- 
tions, did not show significant differences. Repeated investigation on a Fedorov 
stage showed that the plane of the crystalline platelets obtained by sublimation 
coincided with the .V,,, NV, plane of the index of refraction ellipsoid (N,, is the 
middle axis of the ellipsoid and .V,is its minor axis). According to x-ray dif- 
fraction data®, this plane is also the crystallographic ab, in which .\,, coin- 
cides with the monoclinic /) axis and .V, with ua. 

Since we did not find any data in the literature on the indices of refraction 
of 1,2-benzanthracene crystals and these were needed for determining the thick- 
ness of the crystals, we determined the indices for \ = 5461 A. The smallest in- 
dex of refraction », was determined by the immersion technique and was found to 
be 1.635 + 0.001. The value of »,, for the same wavelength was determined from 
interferometric measurements in polarized light on crystals of known thickness 
and proved to be 1.98 + 0.005. Thus, birefringence in the plane of the platelet 
is significant, i.e., 0.345. 
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The absorption curve was deter- 
mined, as in the earlier studies4, 
by the photoelectric null procedure 
using a FEU-18 photomultiplier 
coupled to a spectrograph having 
medium dispersion. The-absorption 
coefficients were calculated, allow- 
ing for reflection of light at both 
surfaces of the crystal, by the 


formula: P 
ih fy) . f 
NS fed -0,43849 ” (1) 
Fig.1. Absorption curves for a 1,2- where log (I,/I) is the optical 
benzanthracene crystal at T = 200K: density of the crystal corrected 
> ne: 3). he. for reflection and d is the thick- 


ness of the crystal. The amount 

of reflection was determined from 
experimental dispersion curves using 
the familiar Fresnel formula. 

The dispersion curves were 
determined by the interference meth- 
od, using a Zhamen interferometer. 
The interferometer, together with 
the crystal, was placed in a speci- 
al cryostat’, cooled by liquid hy- 
drogen. The indices of refraction 
were calculated by the formula: 


u(y) —t= silt Sia : (2) 


where AY (v) is the shift of the 
zero interference band caused by 


Fig.2. Dispersion curves for a 1,2- the crystal at the given point of 
benzanthracene crystal at T = 20%, the spectrum, and / (v) is the 
|b: 1) experimental, 2) calculated by width of the interference band. 
means of Eq.(5). Dashed curve - absorp- The error in determining ». amounted 
tion band. to 2-4%. 


Fig.1 shows the absorption 
curves obtained for the benzanthracene crystal for oscillations of the light vec- 
tor along the ,, and J, axes. The oscillator strengths for the first transi- 
tion of the 1,2-benzanthracene crystal in the two spectrum components, as calcu- 
lated on the basis of the integral absorption were found to be /y,, = 0.09 and 
jn,. = 0-03, respectively. 

> The dispersion curves obtained for a crystal having a thickness d= 0.37 u 
are shown in Fig.2. 


Comparison with theory and discussion 
For comparing the dispersion and absorption curves, we used the general 


integral relationships which were deduced by Kramers phenomenologically and 
which can be obtained on the basis of microtheory®: 
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2° 4; (oy 
Xi j (@) = *) (o’ 9 — do’ : (3) 


where the aj,; and oj; are the polarizability and electrical conductivity tensors. 
If the electrical vector of the light wave is aligned with the monoclinic axis 

of the crystal, the coefficient of absorption x and index of refraction wp are re- 
lated by the usual formulas with «,, and s,, (index 1 refers to the monoclinic 
axis). It then follows directly from Eq.(3) that: 


co 


4 w’u(a’) x(a’) 
peat at we 2) EO dn (4) 
0 


For any other orientation of the electrical vector, the values of x and yu 
are determined by several of the components of the tensors «;; and 3;; and the 
dispersion curve for any given spectrum component cannot be constructed solely 
from measurements of the absorption of this component. In order to avoid numeri- 
cal integration in Eq.(4), the xu curve can be represented as the sum of the 


(v—v 


.)3 
mi) 


Gaussian curves Aje i” , Then, as was shown by Rashba8, y?2 is given by the 
simple equation: 
Watpe— wey mt) (5) 
8 / 
where > x 


te alae \ e¥ dy. 
0 

Since the W (xz) function is available in tabular form, calculations present 
no particular difficulty. 

It should be noted that Eq.(4) was compared with the experimental results 
at room temperature for the b component of naphthacene® and the , component 
of tolan. In both cases the agreement between theory and experiment was satis- 
factory. 

The experimental data for comparing the dispersion and absorption curves ac- 
cording to the theory presented are shown in Figs.1 and 2. The sections of the 
dispersion curve showing anomalous variation for the given thicknesses were not 
worked over. However, we determined the values of the index of refraction for 
the wavelengths corresponding to the bands; consequently, the values obtained 
are close to the extremum ones (but still do not exceed the upper bound). The 
experimental x curve for the 4 component in the range from 25000 to: 30000 em~1l 
was approximated by fifteen Gaussian curves. The results of calculations by 
means of Eq.(5) in the region of the first two characteristic bands are shown in 
Fig.2 (curve 2). The calculated values represent the fraction of yu* attributable 
to the 25,000 to 30,000 cm-1 spectrum region. More remote (ultraviolet) transi- 
tions practically do not alter the relative peak amplitudes of the curve, but only 
displace the entire curve upward. Comparing the amplitudes of the rises in the ex- 
perimental and calculated curves, we note a clear divergence which substantially 
exceeds the limit of possible errors of measurement and calculation (the calculated 
upswings are at least three times smaller than the experimental values). This lack 
of agreement was observed for all of the 1,2-benzanthracene crystals studied. 

For the same components of the benzanthracene spectrum, the said divergences 
decrease at room temperature but nevertheless remain substantial. It should be 
noted that similar effects were previously observed at low temperatures in crystals 
of other substances* (tolan at 80°K and stilbene at 20°K). 


a 


- 1L3li--= 


Thus, it has been found for several different molecular crystals that the 
swings (amplitudes) of the dispersion curves calculated according to Kramers type 
formulas are significantly smaller than those observed experimentally, and that 
this discrepancy increases at lower temperatures. 


Institute of Physics 
Academy of Science of the Ukrainian SSR 
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QUANTUM MECHANICAL DESCRIPTION OF F-CENTERS IN ALKALI HALIDE CRYSTALS 
- I.V. Abarenkov 


The present paper is an attempt to provide a consistent quantum mechanical 
description of F-centers in alkali halide crystals (that is, to deduce the wave 
function of the system consisting of the F-center and the crystal) without the 
use of any empirical data other than the fundamental constants. In these calcu- 
lations we shall use the usual model of an F-center, namely, an electron local- 
ized at a vacant anion site. We shall call the trapped electron "optical", and 
refer to the rest of the electrons and nuclei in the crystal as the "core" of the 
system. 

The energy of the entire crystal may be written as 


W= Wyte, (1) 


where W, is the energy of the core, and IJ, is the energy of the optical elec- 
tron in the field of the core (this latter term also includes all the electron- 
core interaction energy). We must find the wave function of the system which will 
minimize W,. Let us attempt to find it in the approximation of full separability 
of the variables.! We shall proceed with the minimization in several successive 
steps. First assuming the ions to be fixed at the sites of an ideal lattice and 
the optical electron to be absent, we find from the minimization condition for 
WW, the one-electron functions VY; for the core electrons. Then from condition 
for minimum energy W with these core electron functions and still with the ions 
fixed on the ideal lattice sites, we deduce the one-electron function for the 
optical electron. Having solved this equation and minimizing the system energy 
with these one-electron functions for the whole system, we determine the equili- 
brium positions of the ions. If it is further necessary, we again solve the 
equation, for the optical electron function now using the equilibrium positions 
of the ions, and again minimize W with respect to the ion displacements. 

Léwdin2 has shown that orthogonal combinations of free-ion one-electron func- 
tions give a good approximation to the core one-electron functions obtained by 


minimizing W,. We shall use Léwdin's results. 

The one-electron function ‘ff (r) of the optical electron is given by 

1 < 4, rs (r’r’) fs > Bir’) 5 ae eee : ; 
|— ° A — pa reean \ “Sa dz \" (r) - \ > a Vr ypd2 = 2 (r) + >) mW (ry). (2) 
de i 

Here the ‘I!,\(r) are the core one-electron functions, Z, and R, are the charge 
and radius vector of the i-th ion, and » (rr) is the mixed’ density of the core 
electrons. 


The Lagrange multipliers ?,, which arise from the orthogonality of the opti- 
cal and core electron functions, can not be set equal to zero, for ’ and ¥; will 
not automatically be orthogonal. Now the problem can be solved approximately only 
by expanding the one-electron functions ina complete set of functions depending 
on the angle variables. The angle dependent parts of the one-electron functions 
are calculated from different centers, and the radial parts are eigenfunctions of 
different operators. Therefore neither one nor the other will be orthogonal. 
Thus the orthogonality must be accounted for explicitly in the minimization. 

In order to find the equilibrium positions of the ions one must minimize li 

_ with respect to the nuclear displacements. Since the one-electron functions of 
_ the entire system are already known, one might reasonably use a method similar 

to Léwdin's. The use of all kinds of empirical formulas for repulsive forces is 
not, however, reconcilable with a consistent theoretical calculation of the sys- 
eg he 


be Sy ae a 


<a 
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The equation for ‘f can be solved by a method of successive approximations. 
But this requires an initial approximation good enough to give reasonable initial 
values for the exchange term and the Lagrange multipliers. Such an initial ap- 
proximation could be obtained by the Rayleigh-Ritz method with analytic functions 
but this process is very difficult and is strongly dependent on the choice of 
the type of function. It is better to obtain the initial approximation by solv- 
ing a somewhat simpler problem corresponding to a rougher physical model. To 
simplify Eq.(2) we must drop the exchange term and - what is more important - 
the sum on the right, for in order to find these quantities one must Stare have 
an approximation to the desired function. 

The electrostatic potential can be calculated, but it should not be naively 
inserted into the equation if the eigenvalues of this equation are to be identi- 
fied in any sense with the energy of the system. For we are attempting to mini- 
mize the energy by varying only a single one-electron function. It is known 
that the function so obtained will not be orthogonal to the core electron func- 
tions, which means that the optical electron state will be a mixture including 
some core electron states. This makes it possible for the optical electron to 
be in a state whose energy is much lower than that allowed by the Pauli principle. 

Therefore we shall concentrate on that part of the potential which corre- 
sponds to the ions at the lattice sites being replaced by point charges? of 
magnitude +1. We treat the rest of the potential, which we will not include in 
the first approximation, as a correction for the fact that the ions surrounding 
the F-center are not point charges. Our simplified equation is 


’ 


[$63 emir e, fs 


where e; is the magnitude of the i-th charge. 

We shall assume for the sake of simplicity that the charges are at the sites 
of an ideal lattice. This assumption will not significantly alter the energy or 
the optical one-electron function, for according to all available data the dis- 
placement of the ions from their equilibrium positions in the ideal lattice is 
quite small. We may consider > as the energy of the system reckoned from some 
suitably chosen value. Physically, Eq.(3) corresponds to an electron within an 
ideal point lattice in which one negative charge is missing. 

The eigenfunctions and eigenvalues of (3) can be found only approximately, 
by expanding the potential and the desired function in a series angle-dependent 
functions forming a complete set. The most convenient and natural functions for 
this purpose are the cubic harmonics A,(v,¢) We may write 


SRI = Bro K® (9, 2); (4) 


¥ (r) = > —fa(r) Kn (9 @)- (5) 


The /n (r) are given by an infinite set of differential equations, exact solu- 
tion of which is not possible. An approximate solution is most easily obtained 
if (3) is replaced by the corresponding variational problem with the trial func- 
tion a finite sum of the terms in the infinite series of (5). Using just one 
term we obtain 


I, + Polo + ifo =). (6) 
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Taking the sum of two terms as a second approximation, we obtain 


This process may be continued ad infinitum. 


= Doh- 
>= ?, lee 


{/o + Fo fot fo 
+P A+ 


In the 


(7) 


above equations /,, Fi 


and @») can be written in terms of +, (r) and integrals of products of three cubic 


harmonics. 


Eq. (6) was solved for the 1s and 2p states of the optical electron in LiCl 


and NaCl crystals. 


The solutions were obtained in two ways: 


I. Eq.(6) was integrated numerically and the eigenfunctions and eigenvalues 
were found by a method of successive approximation. 

II. The boundary value problem for (6) was replaced by the equivalent vari- 
ational problem, and this was solved by_the Rayleigh-Ritz method using / = 


= V 403 re-** for the 1s state, and j= 


electron. 


The results are presented in the table (columns I and II, resp.). 


VV = 68 rte-or for the 2p state of the optical 


In ad- 


dition we solved the even more simplified equation with the potential 


where a is the lattice constant, and M is the Madelung constant. 
way the crystal field was characterized in the work of Petrashen' et al.3 


M 
— rsa 


1 bad Fe 
| o ed: Be 


This is the 
The 


results for the energy of the optical electron of NaCl in such a potential well 
are listed in column III of the table. 


Licl 


il EXP. 


| Lit | Exp. 


Bnergy* 
re —0,255 
Ey) —(), 154 
AE —), 101 


*HEnergy values 


By integrating (7) for NaCl it was found that the energy of the-1s 
-0.294, that of the 2p state is -0.201, and the difference between them 


atomic units. 


—0,239 
—0,151 
0,088 


—(), 228 
—(),139 
0,089 


—(), 142 
0,072 


0,118 


are given in atomic units. 


co 


Further it was found that \/jdr is 20% of 


0 


state, and 30% in the excited state. 
We are now attempting to obtain a solution of the exact equation (2) for 


LiCl and NaCl crystals. 


(214 


—0, 123 


0,094 


aa | 
0,098 


state is 
is 0.093 


fo 3] 
\fodr in the ground 
0 


The author is deeply grateful to M.I.Petrashen', under whose supervision 
the work was done, for constant attention and help. 


Scientific Research Physics Institute, 
"A, A. Zhdanov'"’ Leningrad State University 


-~ 1315 - 


References 


1. V.A.Fok, Iubileinyi sbornik Akademii nauk, posveshchennyi tridtsatiletiiu 
Velikoi oktiabr'skoi revoliutsii (Jubilee symposium of the Academy of Sciences 
dedicated to the Thirtieth Anniversary of the Great October Revolution), p.255. 

M. 1947. 

2. P.O.Léwdin, Thesis, Uppsala, 1948. 

3. M.I.Petrashen', A.V.Ivanova & G,Vol'f, Vestnik, Leningrad State University, 
No.10, 29 (1956). 


PROPERTIES AND STRUCTURE OF THE INITIAL AGGREGATIONS OF F-CENTERS 
IN THE PROCESS OF THEIR COLLOIDAL COAGULATION 
- A.A. Shatalov 


1. Investigation of the thermal equilibrium of F-centers 
with their coagulation products 


In earlier contributions!»? we showed that in heating alkali halide crystals 
containing medium or low F-center concentrations there occurs a photochemical 
transformation leading to complete disappearance of the F-band and the appearance 
of a similar, new absorption band displaced to the long wavelength side. In the 
case of KCl,the peak of this band lies at 740 m. 

A similar transformation also occurs in the dark as a result of appropriate 
heat treatment, provided the initial concentration of F-centers is sufficiently 
high. In the absorption spectrum of colored potassium chloride with a concentra- 
tion of over 2-1017 F-centers per cm? there appears in the process of cooling 
from high temperatures a new peak very similar to that of the above mentioned 
band of photochemical origin. This new peak of thermal origin lies at a slightly 
longer wavelength (750-780 mu), is slightly broader and varies greatly in height, 
depending on the initial F-center concentration. Further, in contrast to the 
photochemical case, in the thermal case the F-band in KCl does not fully disap- 
pear but merely fades and is always observed together with the new band. 

In Fig.1 we show, by way of illustration, the absorption curves obtained 
for one and the same colored KCl crystal annealed for 5 hours at 350° in the warm 
equilibrium (curve a) and frozen (curve b) states. 


products on a large number of KCl specimens. Fig.2 shows the series of a 
tion curves obtained at room temperature for crystals with different initial 
-center concentrations after 5 hours heating at 350°. Fig.3 shows the absor 
curves obtained for a colored specimen at different intervals from 15 minutes 
5 hours after the beginning of heating in the process of realization of therma 
equilibrium at 400°. Fig.4, like Fig.2, gives the results of measurements of ab- 
sorption in crystals with different initial F-center concentrations, but frozen 
(quenched) after 5 hours heating at 400°. 

It will be seen that isothermal heating leads to alteration of both bands_ 
and that this alteration is temperature dependent. At temperatures of 300-350” 
(supplementary observations) there occurs a noticeable change in the heigh f 


sy 
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Fig.l. Absorption curves for KCl crystal LG Ms iti 
° oy A ae, 
heated for 5 hours at 350°: a) curve re- 400 600 200 1000, mye 
corded at 350°; b) at 18°. 


Fig.2. Absorption curves for KCl crystals 
annealed for 5 hours at 350°. Curves re- 
4 corded at room temperature. Crystals 
colored at a) 740°, b) 720°, c) 700°, qd) 
650° and e) 580°. 
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Fig.3. Absorption curves for KCl crystal annealed at 400°. Curves recorded at 
the following times after the beginning of heating: a) 15 min, b) 30 min, c) l 
hr, d) 2 hrs, e) 3 hrs, f) 95 hrs. 
Fig.4. Absorption curves for KCl crystals quenched after heating for 5 
hours at 400°. Curves recorded at room temperature. Curve designations 
same as in Fig.2. 
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the peaks, a small shift of the right-hand band to the long wavelength side and 
only minor broadening of this band. The absorption spectrum for equilibrium at 
350° is shown in Fig.2. Much more noticeable changes occur at 400-500°. Particu- 
larly noticeable at this temperature is the lowering and broadening of the right- 
hand peak (Fig.3), which at the same time is displaced to the long wave-length 
side (to 900 mi). Moreover, in the process of heating the bands "spread" and a 
new incipient peak appears in the absorption spectrum at approximately the wave- 
length of the "photochemical transformation" band (Figs.3 & 4). 

In view of the properties of the shorter wavelength peaks appearing as a re- 
sult of thermal coagulation of F-centers (specifically, their wavelength, half- 
width, temperature dependence and variation in the process of heating), we are 
inclined to attribute their absorption to a mixture of Fpo-centers with larger 
aggregations of F-centers, but still incorporated in the alkali halide (host) 
crystal lattice. 

The development sequence, shape and wavelength of the longer wavelength 
peaks (Figs.3 & 4), evinced at higher temperatures, give reason to infer that 
they are associated with potassium colloids constituting a separate metallic lat- 
tice. 

The pronounced variation of the equilibrium heights of the absorption peaks 
with the initial concentration of both F-centers and their coagulation products 
(Fig.2, 350°) indicates that the equilibrium is established after solution of 
both the former and the latter centers approximately in equal proportions, i.e., 
the observed thermal equilibrium is homogeneous. Complex equilibrium of three 
types of centers, which is clearly evinced only at higher temperatures, must be 
regarded as thermal equilibrium between colloids and F-center aggregations, on 
the one hand, and F-center aggregations and "pure" F-centers, on:the other hand. 
The first equilibrium is heterogeneous; the second is homogeneous in this case 
as well. 

The slope (tangent) of the logarithmic straight-line plot of the temperature 
dependence of the equilibrium concentration of F-centers in the case of thermal 
transformations may be interpreted as the dissociation energy of the smallest 
F-center aggregations. The numerical value obtained by us for this energy (0.29 
ev) is very close to the thermal dissociation energy for Fo-centers (0.31 ev) 
determined by a different procedure by Kalabukhov et al3,4. 

Some time ago Scott, Smith and Thompson®,®, using different coloring and 
measurement procedures, also obtained “thermal” absorption bands in alkali halide 
crystals with an appreciable initial F-center concentration. For KCl these bands 
lie in the region of 750-775 mu, i.e., at the same wavelength as those observed 
by us. These authors, however, give a different interpretation of these bands. 
Not having investigated the influence of exposure to light on F-centers in heated 
crystals, Scott and his co-workers failed to detect photochemical transformations. 
Reasoning on the basis of their experimental data, which indicate that the "equi- 
librium" density of F-centers does not depend on their initial concentration and 
increases with temperature, these authors conclude that the forming centers consti- 
tute a new phase and that the equilibrium attained is heterogeneous. From this 
they infer that the aggregates obtained by thermal coagulation of F-centers are 
colloidal. They take the slope of the plot of the logarithm of the "equilibriun” 
concentration vs 1/T to be indicative of the heat of evaporation of the F-centers 
from the colloidal particles. 

It must be noted, however, that in carrying out their studies Scott and his 
co-workers used excessively short heating times (3 to 15 min) during which true 
equilibrium could not have been attained (see Figs.3 & 4). Furthermore, Scott 
et al made their measurements only at room temperature, i.e., under conditions of 
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"forced" equilibrium. It must also be noted that "freezing" greatly distorts 
the ratio of initial concentrations. Using such short heat treatment times, 
these authors could not observe the formation of large colloids in KCl and other 
crystals. 

The evaporation energy values (0.35-0.5 ev) found by these authors for a 
number of alkali halide crystals are approximately one third the known values 
for this quantity for atoms of pure alkali metals. 

In view of this and our experimental results, we cannot agree with the hy- 
pothesis of Scott et al regarding the colloidal nature of the smallest products 
of thermal coagulation of F-centers. 


2. Structure of the smallest products of photochemical and thermal 
coagulation of F-centers 


Earlier!,2,7 we published a number of proofs that the new color centers ob- 
tained as a result of photochemical treatment of F-centers in heated alkali halide 
crystals are initial aggregations, i.e., aggregations with which the process of 
colloid formation begins. 

Let us list briefly the results of new investigations substantiating this 
conclusion and proving that the formations which we originally termed x-centers 
have the structure of Fo-centers. 

1. By solution of simple kinetic equations, set up on the assumption that 
the photochemical transformation discovered by us is described by 2F—*F9, we ob- 
tained time dependences of the F- and x-center concentrations in qualitative 
agreement with the experimental curves for KC1.° The combining of F-centers and 
decomposition of x-centers are monomolecular reactions. 

2. Explanations of the low quantum efficiency and its temperature dependence 
are consistent with the Fy model for x-centers. 2 

3. Plots of the ratios, similar to the Mollwo ratio, for the So oe 
KCl, NaCl, KBr, KI and LiF yield as constant a value of the product ve nd” 
piaiitar plots for the F-bands.® This proves that the structure of the F- 
-centers is monotypic in different alkali halide crystals and that the x-centers 
are formations associated with the properties of the solvent crystal lattice. 

4. In photochemical transformation of the "red' centers in sodium chloride 
to F-centers® the influence of monochromatic radiation corresponding to any sec- 
tion of the x-band, leads to its proportional, although not equally rapid, weak- 
ening without the formation of local dips, as observed in the irradiation of 
colloids. Consequently, all x-centers are similar to each other and the x-band, 
like the F-band, does not constitute the surposition of many different bands. 

5. The temperature dependence observed by us is peculiar to the absorption 
peaks of the smallest products of optical? and thermal coagulation of F-centers; 
such a dependence would not be exhibited by colloidal bands. 

6. Investigations of photochemical transformation of the "red" centers of 
sodium chloride carried out by us by means of polarized light indicate that the 
x-centers are anisotropic and are oriented along the second order symmetry axes. 

7. In addition to Fo-centers, however, other anisotropic combinations of 
centers and ionic vacancies, for example, F$-centers can be characterized by this 
orientation in the host crystal lattice. Measurements carried out at our request 
by A.M. Prokhorov and S.Kaitmarov ("P.N.Lebedev' Physical Institute of the USSR 
Academy of Sciences) showed that the paramagnetic absorption of KCl crystals 
colored with F-centers fully disappears after photochemical transformation of the 
F-centers into x-centers. This proves that the number of electrons at x-centers 
is even; it will be recalled that an even number of electrons is most easily 
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CONDITIONS GOVERNING THE EXISTENCE AND SPECTROSCOPIC MANIFESTATION 
OF EXCITONS IN SEMICONDUCTORS 
- I.Z.Fisher 


There can no longer be any doubt regarding the existence of excitons and 

_ the significant role played by them in physical processes in dielectric crystals. 
Also clearly evident is the impossibility of exciton excitations in conducting 
media (metals). Between insulators and metals, however, we have the wide field 
of semiconductors and there naturally arises the question of the possibility of 
existence of electrons in semiconductors and the degree of their stability as a 
function of the conductivity of the material. This question is of great inter- 
est since excitons make a significant contribution to optical, photoelectric and 
other processes associated with exchange or transfer of energy not only in di- 

_ electric crystals but in many semiconductors as well. 

We base our treatment on the hydrogen-like model of a nonpolarizing exciton, 
taking into account the crystal lattice field by the effective mass method. The 
exciton energy levels in an insulator reckoned from the dissociation threshold 
are given by 


ee med | 2 a 
Eye —sae ar (VN =1,2,3,...), (1) 


where m* is the effective reduced mass of an electron or hole and D is the speci- 
fic inductive capacitance in the optical frequency region. 

The stable existence of the exciton is limited by the thermal vibrations of 
the crystal lattice capable of producing its thermal dissociation. At a given 
temperature T only levels with |/:,' » 7’ will be stable. If we introduce the 
"atomic'’' temperature units 

b= TAT = 6.41 1078(2" ) DoT, (2) 
then from the condition (I/\*) = (j, we obtain for the number of exciton states 
stable as regards thermal dissociation 


Brick [=]. (3) 


where the brackets indicate an “integral part’. With increasing @ the number of 

exciton levels N' decreases and at 8 >1 the existence of an exciton even in the 

ground state becomes impossible. 

In a semiconductor not only the vibrations of the crystal lattice but also 

_ the background of free charges, that provide the conduction electrons, inhibit 
the existence and stability of exciton levels. Below we shall analyze this situ- 
ation and deduce a generalization of the basic relationship (3). The presence 
of the background of conduction electrons or free holes (or both) distorts the 
interaction of charge pairs thus giving rise to screening of the Coulomb potenti- 
al. In the Debye-Huckel statistical treatment 


. aa fm a—Ar (4) 
U(r) seer, 
ne screening constant K being defined by?: 

bt Ve 24% . , 

mo 2. tated , . : jane™ OM 

’ n. . o , A \ pan * a } ~ (5) 
54 bs potential of the free charges. (For simplicity we herein- 
ll the screening charges are of the same polarity, i.e., only 
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electrons or only holes.) Eqs.(4) and (5) are valid in the framework of the 
Debye-Huckel approximation for any degree of Fermi degeneration of the electrons 
(holes) and at T = 0 become identical with the results of the Thomas-Fermi2 
treatment. There are better methods of taking screening into account in the 
case of metals3, but their generalization for the case of semiconductors and, 
particularly, determination of the screening radius for T # 0 are fraught with 
great difficulties.4 Hence below we shall make use of the approximations of 
Eqs. (4) and (5). 

In preceding papers® »5 we solve the Schrédinger equation for the bound states 
of an exciton in a semiconductor with an arbitrary degree of screening according 
to (4)-(5), using Fermi statistics for the free charges. We found the energy 
levels ¢,, as a function of x in terms of the "atomic units of length, energy 
and the screening constant, 


i 
' 
; 


Di? m e! - 2m* e- 


r= mere? “spare, K=— Ix, (6) 


For the case of weak screening we obtained 
a e fe SE Ae 
Ey, (*) = — ye + 4% — 2x? (BN? —1 (1 + 1)) + 40° N?2 (SN? + 1 —31(1+1)) +..., (1) 


where Nand / are the principal and azimuthal quantum numbers. The quantity ~« 
itself depends on the temperature T and free charge density n: 


x = 3,83-107% (“) (2P)"(1 — 0.70712 + 0.829227 +. . .) (8) 
where mis the true electron mass and 
x = 5.50-40727 (=. ) "nr". (9) 
m 


1 
Here ms is the effective mass of the screening charges. 
In the case of strong screening, the expressions for &y,(z) and x(n’, 7’) are 
more complicated; they were evaluated numerically in Refs.5 & 6 and presented 
in graphic form. In Fig.l we reproduce the variation of ¢«,, with « for the 
ls, 2s, and 3d states. It will be 
eA ae a2 04 as 2 seen that with increase of x the abso- 
lute values of ¢,, decrease rapidly 
and then vanish, the more rapidly the 
larger N and /. The limit values of 
~ at which the ¢«,, vanish for the 
Is, 2, 4 and Xd states are 0.5951, 
0.1250, 0.1017 and 0.241, respectively. 
In Ref.6 we also investigated the 
specific widening of the exciton energy 
levels associated with fluctuations of 
the screening field. The existence of 
such fluctuations inevitably follows 
from the statistical mechanism of 
screening. At an appreciable density 
of the screening charges, the fluctu- 
ation of the field and widening of the 
levels are so great that the exciton 
proves to be unstable before the limit- 
Fig.1. Variation of ¢«,, with x for the ing equilibrium values of x shown in 
1s,2s,2p and 3d states (strong screen- Fig.l are attained. 
ing case). 
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Denoting the quadratic widening of level ey, by (A:yi)?, we find that the 
condition for stability of the exciton, taking into account its possible thermal 
dissociation, is now (see (2)): 


levi (*) | 6 + V (Asyi). (10) 


If the values of n and T are not too low, the number of levels satisfying 
this condition is relatively small. By way of illustration in Fig.2 we show the 
energy levels of an exciton at T = 100°K and T = 300°K for different values of 
n, For purposes of concreteness we took the specific values of the dielectric 
constant and effective mass for cuprous oxide, namely, D = 6.25 and m/m* = 3.5. 
Only the s-levels are shown in the diagram. It will be seen that the levels van- 
ish rapidly with increasing n. 

The number of stable levels at given values of » and T can be determined ap- 
proximately if in (10) we neglect widening and take for N its limit value at 
which :,,=§, If <:y, (4) is evaluated by means of the first two terms in (7), we 
obtain for the number of levels in the exciton energy spectrum 


Nt wl 
Fc aa A . an 


instead of Eq.(3) which is valid only 
for an insulator. 

It will be evident from the above 
analysis that stable existence of ex- 
citons is inhibited equally by high 
temperature and good conductivity of 
the crystal. Excitons in the ground 
state can exist in a relatively wide 
range of temperatures and free charge 
densities. Hence processes involving 
inactive absorption of light and ener- 
gy exchange and transfer, wherein 
only the existence of excitons per 


Fig.2. Energy levels of an exciton at se is important, can under ordinary 
T = 100°K (a) and 300°K (b) for differ- conditions be observed in almost all 
ent values of n. semiconductors except those with a 


high conductivity. 

To obtain a more or less complete exciton absorption spectrum one must have 
low values of T and 7, i.e., a crystal with good insulating properties. In the 
absence of light, in good semiconductors decrease of the temperature automatical- 
ly reduces n, which enhances the possibility of the existence of excited exciton 
states. 
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INVESTIGATION OF THE ROLE OF TRAPPED AND FREE EXCITONS IN THE LUMINESCENCE 
OF MOLECULAR CRYSTALS BY POLARIZATION METHODS 
- N.D. Zhevandrov 


In the simplest model of the crystal lattice of molecular crystals, inter- 
action between molecules is not taken into account and the crystal is regarded 
as an “oriented gas”. Unfortunately, this simple concept is inconsistent with 
diverse experimental data. 

In particular, this simple model cannot explain the fact that the polariza- 
tion of luminescence is independent of the polarization of the exciting light, 
an effect observed for all molecular crystals.1 Inasmuch as there are several 
different forms of orientation in the latticesof molecular crystals, this effect 
can be explained only by transfer of the excitation energy from excited molecules 
to neighboring molecules, i.e., by redistribution of this energy among molecules 
with different orientations. 

Curve B in Fig.1 illustrates the experimental- 
ly observed behavior of the polarization of fluor- 
escence of an anthracene crystal; curve A gives 
the calculated dependence on the electric vector 
of the exciting light that would obtain in the 
absence of energy transfer. 

It will be evident that in actual fact the 
luminescence polarization is determined only by 
the orientation of the molecules in the lattice 
and does not depend on the anisotropy of the ex- 
citation. This proves the existence of energy 


Fig.1. Variation of the transfer and invalidates the hypothesis that the 
fluorescence polarization molecules in a crystal absorb and emit light inde- 
P of an anthracene crystal pendently of each other. 

with the orientation of An obvious question is: what is the nature of 
the electric vector » of this transfer? 

the incident light: A - cal- The theory, originated by Frenkel? and subse- 
culated, B - experimental. quently developed by Davydov?, indicates the exist- 


ence in crystals of two types of excitons: trapped 
and free excitons. These differ in particular as regards their polarization pro- 
perties. The polarization of transitions corresponding to trapped excitons is 


-determined by the symmetry of the molecules and their orientation in the lattice, 


while transitions associated with free excitons are polarized along the crystal- 
lographic axes, in other words their polarization is determined by the symmetry 
of the crystal lattice as a whole. 

It is important to note that, as Craig? has shown, the ratio of intensity 
components due to transitions associated with free excitons and polarized along 
the different crystal axes differs substantially from the ratio of the components 
of the radiation of the molecules along these axes. In other words, we have the 
possibility of distinguishing between free and trapped excitons on the basis of 
polarization. 

The experiments of Obreimov & Prikhot'ko® and other investigators proved 
that both types of excitons participate in the process of light absorption by 
crystals. 

An interesting question is how these two types of excitons behave in the 
process of luminescence. Apparently, the answer to this question can be found 
by investigating the luminescence spectrum of crystals at a sufficiently low 
temperature, when the usual bands split into narrow bands and lines, and deter- 
mining the polarization of the individual lines. Some information, however, can 


Me PO er ad 


iZ 
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be obtained from measurements of polarization at room temperature. 

We investigated the spatial distribution of the polarization of luminescence 
of crystals for different orientations of the crystals (i.e., obtained so-called 
polarization diagrams). Initially these studies were carried out on crystal 
plates of anthracene. © 

From the experimental standpoint it is convenient to vary the angle between 
the direction of observation and the normal to the crystal in the horizontal 
plane. The spatial distribution of the polarization can be fully characterized 
by obtaining "polarization diagrams" for two orientations of the crystal, cor- 
responding to the positive and negative polarization maxima (we shall hereinafter 
refer to these as the "positive" and "negative" polarization diagrams). 

In practice it proved necessary to calculate and introduce rather substanti- 
al corrections for birefringence, which distorts the true polarization of the 
luminescence. Our results show that the corrected experimental diagrams and di- 
agrams Calculated on the basis of x-ray diffraction data are qualitatively simi- 
lar, but differ quantitatively. 

Evaluations of the corrections showed that they are relatively small for 
directions forming a small angle with the normal to the crystal surface. Hence 
it was expedient to design the experiments so that this condition would obtain, 
thus doing away with the necessity of introducing corrections. One obvious pro- 
cedure was to use spherical crystals and excite the luminescence at their center. 
Since the preparation of spherical crystals of anthracene proved to be difficult, 
the subsequent investigations were carried out with stilbene and tolan.’ The 
spheres were cut into hemispheres along determined crystallographic planes; the 
cut surface was covered with a diaphragm with a central aperture, limiting the 
excitation of luminescence to a small region at the center of the sphere. 

Fig.2 shows the positive and negative polarization diagrams for stilbene 
obtained for the following hemispherical specimens: I cut in the abd plane, c’axis 
aligned with the apparatus axis; II cut in the bc’plane, a aligned with the ap- 
paratus axis; III cut in the ac’plane, 6 aligned with the apparatus axis. 

The polarization dia- 
grams calculated on the 
basis of the x-ray diffrac- 
tion data for tae same 
cases are shown in Fig.3. 
It will be seen that the 
calculated and experimental 
diagrams are in good quali- 
tative agreement without 
any correction of the ex- 
perimental data for bire- 
fringence. Just as in the 


@ Pe 1 Q@ pu i @ 
b 


ay eee ak te3 woe” case of anthracene, however, 
© . | ® ‘OF: the diagrams differ quanti- 
dt gs pce A tatively: the experimental 
a nel b 0 2 fox’ values of the degree of 
mol icf ed et ve polarization are always 
: — smaller than the calculated 
: 3 ones. 
Fig.2. Experimental polarization diagrams obtained One cannot explain 
for hemispherical stilbene crystals (a - positive this diminution of polar- 


and b - negative): I - cut in aodplane, II - cut in ization by the influence 
bc 'plane and III - cut in ac’plane. of thermal rotational 
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vibrations of the molecules 


ee @ inasmuch as in molecular 
® a @ crystals, as we showed else- 
4 where’, the influence of 
temperature on the polariz- 
0 ation of luminescence is 


very minor. 

One can attempt to ac- 
count for these results on 
the basis of the presence 
in the crystal of trapped 
and free excitons. In cal- 
culating the polarization 
diagrams from the x-ray 
data, we assumed that the 
polarization of the luni- 


nescence is fully determin- 
77 > 7) ’ ed by the symmetry of the 
c 


| molecules and their orien- 
ad tation in the lattice, i.e., 
Fig.3. Calculated polarization diagrams for stilbene. that the luminescence is due 
Designations same as in Fig.2. solely to trapped excitons. 
If in addition to the trap- 
ped, free excitons participate in the luminescence, the polarization of the total 
emission will be different inasmuch as the transitions associated with free exci- 
tons are polarized along the crystallographic axes. If the polarization is along 
the horizontal axis, the degree of total polarization is decreased; if it is along 
the vertical - increased. From this point of view the polarization diagrams can 
be regarded as a method for investigating the role of trapped and free electrons 
in the process of luminescence. By means of these diagrams one can determine 
the axes along which the emission of the free excitons is polarized and evaluate 
its relative intensity. 

By way of illustration let us analyze the polarization diagrams for stilbene 
from this standpoint. The axis orientations corresponding to the different dia- 
grams are indicated in Fig.2. Diagrams I (abcut) indicate that there is radia- 
tion polarized along the 6 axis (inasmuch as both experimental diagrams, the posi- 
tive and the negative, lie closer to the horizontal axis than the calculated dia- 
grams; consequently, the "additional’’ radiation is polarized horizontally in the 
former case and vertically in the latter). Analogously, diagrams III show that 
the radiation of the free excitons has a component polarized along the c’axis. 
Using the familiar formula for Nec pine dg the degrees of polarization 

Sr; 

ya 2 

Di 
one can calculate the relative intensity of the radiations of the trapped and 
free excitons from the ratio of the degrees of polarization of the total lumines- 
cence and the emission of the trapped and free excitons. Such calculations indi- 
cate that the emission due to trapped excitons accounts for 60-70% of the total 
luminescence, while each of the two components of the free exciton radiation, 
polarized along the 6 and c’axes, amounts to 15-20%, the intensity of the 6 polar- 
ized component being somewhat greater than that of the c’component. 

Our inference that the luminescence is due primarily to trapped excitons is 
in good agreement with the results of Sidman® who came to the same conclusion 
through analysis of the gap between the fluorescence spectrum and the absorption 
of anthracene crystals. 
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Our results pertaining to the polarization of 
Pp the free exciton radiation are in agreement with 
the theory of Davydov?, Using the methods of group 
theory, Davydov treated the case of a monoclinic 
crystal with space group symmetry (?, containing 
two molecules per unit cell. Stilbene belongs in 
this crystal class. Davydov showed that in such a 
crystal the molecular energy term splits into two 
terms, one polarized so that the oscillations of 


. < ‘ the electric vector are parallell to the 6 axis; 
10 0 °c, ge > 3 
the other ‘so that the oscillations are in the plane 
perpendicular to the 6 axis. 
Fig.4. Variation of the de- One more experimental proof can be cited in 
gree of polarization of the support of the above interpretation. If we assume 
fluorescence of anthracene with Agranovich? that in activated anthracene- 
with the concentration of -naphthacene crystals the transfer of excitation 
naphthacene. energy from the host substance to the impurity is 


realized by free excitons, we must expect the rela- 
tive intensity of the trapped exciton radiation in the host substance to increase 
with the addition of the impurity. Consequently, the degree of polarization of 
the host substance luminescence must increase with increasing impurity concentra- 
tion. 

Experiments substantiates this. Fig.4 shows the variation of the polariza- 
tion of the fluorescence of anthracene as a function of the naphthacene impurity 
concentration. It will be seen that the polarization increases substantially up 
to a concentration of ~5-1074 g/g, at which point the increase slows down and 
saturation is attained. This is to be expected inasmuch as the fluorescence ef- 
ficiency of naphthacene attains a saturation value at approximately this concen- 
tration, 10 


"Pp.N. Lebedev" Physical Institute 
Academy of Sciences of the USSR 
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IMPURITY SCATTERING OF LIGHT IN CRYSTALS AT LOW TEMPERATURES 
- Iu.E. Perlin 


Impurity centers in crystals may serve not only as absorption and lumines- 
cence centers, but also as scattering centers. Below we shall consider light 
scattering by impurity centers in an ionic crystal in which the strong-coupling 
criterion for the interaction between the optical electrons and the lattice vibra- 
tions is satisfied. We assume that the frequency ©, of the incident radiation 
lies within the impurity absorption band. We now use a generalization of Weiss- 
kopf's method for dealing with atomic resonance fluorescence and limit our con- 
sideration to the ground and first excited states of all the possible discrete 
electronic levels of the impurity center. This gives the following equation for 
the probability amplitude of scattering: 


Vi, « (Q)¥,.. (MQ) ; 
TS (08, 1]; (1) 
[2-2 + to) + “F] 


“~ 


here 


0 E fi 
S[n2, nije Dy) eee ee _ (2) 
My. (Q—vt le) + -- 

where the indices s, and s, refer to the ground and excited levels, respectively, 
no, n, and ny are the quantum numbers of the phonon field oscillators in the ini- 
tial, intermediate and final states of the system, (2 is the frequency of the scat- 
tered light, 1/I and 1/7 are the optical lifetimes of the impurity center in the 
$,; and s, states, respectively, wis the limit frequency of the longitudinal polar- 
ization vibrations of the lattice, » is the frequency of the "pure electron” trans- 
ition, given by ; 


hy = VW (3) 
(where W is the thermal excitation energy of the center), and 


é = >) (ni, — n°); 1, == Di (a, — n,)- (4) 
The matrix element of the phototransition is the product of an electronic 
factor |... and a factor of the form 
San’, = \ Dn, (9, —_ Yx8,) a (4, _- Gy) dq, (5) 
where @, is the wave function of the oscillator, and 7, is the, equilibrium value 
(in the given electronic state) of the normal coordinate 4,. 
A detailed derivation of (1) will be found elsewhere.2 An analogous expres- 


sion for solutions was obtained somewhat earlier by Ovander.° 
The summation in (2) can be carried out using the Fourier transform 


=} fos) 


iy ] el Beret ahi (6) 
[is —r)o + A Peg \ dtexp(— at +i(l;—r)t). 


t@ 


where 


and the familiar expression for the oscillator density matrix 
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@~ - 1 
ae a (ict —) § = 
o(9, 9/)= dye "Pi (q) Pn) = 


n=0 


ee : ~ z 
= (2esh3) Fexp{—F[(q+o°th$+(q—grans}l. (8) 


Expression (8) was first used by Kubo in summing the probability for multiple-— 


-phonon transitions. 
Eq. (2) becomes 


oo 


S[n°, vor EEE uaa 2 (n+ 5 2) — "| 8} xT] @risin Ea 


0 


ddx dx ®. 0 (x) D , (q.) x 
% 


x exp |{— i [a + ds a3 A,)? tg > ca (4x Si qn)? ete |} ; a 

where 
Ay = 2 (xs, urns Yus:)+ ay 
r =(v—Q)/o. ay 


The probability of light scattering is calculated from (1), using the formula 


¢ (42) = = = p(n®]jo[n®, n,]\?, (12) 


which already contains the statistical average over the initial states and the sum 


over the final states of the lattice oscillators. The Boltzmann factor pj{n°] is 
given by 
) o) = (2 py ‘x Be a 4 \ 
p (no) = (2sh 2)" exp [ 6 Di(ne + x)]- (13) 
a hw Lae 
where P= pr: Now writing 
p=(2,—2) fo (14) 


again using the Fourier transform and (8), we are able, after some manipulation, 
to perform the summation in (12), bringing it to the form 


we OS 
here SACD ons (On)R< 7 


uw (Q) = —— ety: — \\ dtdt 


expl—a(t4 t') + i(= i a eh rs [cos (Ys 14 
/ er | sh << : > 
fia gene v 
+ cos ee “A tm il ates 2 | %, o(pp—n), (15) 
~ y on | sh : * Pia 
where 
a= >) (duc, Ges Sc (16) 


According to Pekar®, the Stokes shift of the luminescence band relative to 


‘the impurity absorption band is a; hence « can easily be obtained from available 


experimental data. 
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The integration in (15) can be carried out fully for the limiting case of 
low temperatures, when 


= 
5 

Q. 
; 


(17) 


for then the Bessel function /, of an imaginary argument can be represented by 
its leading term in a power series, and (15) becomes (for ) 0) 


7 | u on, 82) VV, (Q2o)/* (2a)? e" baad 


w (82) = Asoo. (228? 4- sin? =/) TP (p -- 4) Dy * » S(p—n), a 
where main 
/ (82, —), , ait 
by = Pate at (20) 
(2i)? +) J gi+1 : 


where the path of integration C goes clockwise about the point £ — (). 
Using the integral representation of the confluent hypergeometric function 
F (a, 7,2) (see Landau and Lifshits®), we obtain 


2nP (p + 1) 


| Loy | = - —|F(—/, Swale a \ 
PPG +) (p—7+ 1) | iP P+4, >). .33) 
Eq. (18) can now be written in the form 
w (Q) = w(r, f) > o(r+-f/—n), : (22) 
where 
f/a\pPp —an _ 
4n8 [Vg (22) V, g (Qa)/? >) e~ I (p+1) = er 
Wy) = Feat nt 8 + sintaf) FGF T este lf) (Ps +1, 5) Most 


2/ 
The spectroscopic intensity distribution of the scattered light depends, as 
usual, on the incident radiation, and may be written 


1 (Q) = No hQp(Q)\ Io (fw (Q) df, (24) 


where /,(/)d/ is the intensity of the incident radiation and 4, is the number of 
scattering centers. 
Inserting (22) into (24), we obtain 


T(Q) = NohQe(Q) Dd) w(r,n—r)1,(n— 2). (25) 
Assuming further that the incident radiation has a sharp peak at /=/,,, we 
arrive at 


( a \rt+im 


5) PO ttn +1) 


I (Q) ~ Cae z cinta, Ua + DEO + OP 


a \|? 
[F (fm r+1,7) : (26) 
Further simplification of (26) is hampered by the fact that in actual cases 
(large a and large 7) the usual asymptotic approximation of the confluent hyper- 
geometric functions is not valid. It is interesting to note, however, that if 
jm=0 the spectroscopic distribution of the scattered light is given by 


(5) [P@+1) an expression which gives a "bell-shaped" curve with maximum 
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et ru a/2, i.e., 


aw 


Quin avers y ie (27) 


The position of the maximum of this curve, its shape, and its half-width 
agree exactly with the corresponding parameters of the impurity luminescence 
curve.° In the general case (i.e., for /,-~0), the intensity distribution given 
by (26) is more complicated and can only be evaluated by numerical computations. 

I wish to express my gratitude to S.I.Pekar for valuable discussions. 
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PARAMAGNETIC RESONANCE OF IMPURITY CENTERS IN IONIC CRYSTALS 
E - M.F,Deigen 


- Introduction 


Although electron spin and nuclear spin resonance methods for investigating 
impurity centers in semiconductors are relatively new, they have already yielded 
a number of fundamental results. For instance, the fine deviation in g-values 
was discovered!, it became possible to estimate the magnitude of the ¢ function 
of a trapped F-center electron at different points in the crystal2, to make cer- 
tain inferences regarding the nature of the F-centers®, etc. 

Theoretical work in this field has dealt with only two problems. These are 
the explanation of the width of the electron spin absorption line of F-centers 
in alkali halide crystals? and calculation of the wavelength of the electron spin 
resonance line in Group V impurity atoms in silicon. Kip et al? state that even 
a rough orbital model of an F-center leads to a reasonable value for the broaden- 
ing, while the generally accepted continuum model is not capable of explaining 
this effect and leads to a difference of four orders of magnitude between theory 
and experiment.. I have shown elsewhere? that this result is not valid (see also 
Section 2 of the present paper). 

Below I give some results of the theory of paramagnetic resonance of local 
electron centers in crystals as developed by me and my coworkers. 


1. Spin Hamiltonian of the Hyperfine Interaction of a Trapped Electron®»7 


The operator giving the hyperfine interaction of an electron with the magnet- 
ic moments of the nuclei in the crystal lattice may be written 


‘ UE 
i, = — D7, Wes. (1) 
k 


where », is the magnetic moment of the nucleus at the A-th site, I, is the spin 
of this nucleus, H,, is the magnetic field produced by the spin of the electron 
at the 4-th site and is given by 


H,;, \| grad = ; j| az, (2) 


tx is the distance from the A-th site to the electron, and j is the current densi- 
ty produced by the spin 5 of the electron: 


j= rot -> |p)? S. ; (3) 


Inserting (2) and (3) into (1) and performing some manipulations, we arrive 
at the general form for the spin Hamiltonian giving the hyperfine interaction of 
the electron in the crystal lattice, namely 

> [Ay 2 i, ° age So, 
H,= im S57, |b (es = 0) 7(1,S) 4 mY s7,\4 grad *) os dz. (4) 
k ‘ 

Eq. (4) can be brought into more convenient form by using the strong-coupling 
approximation to construct the wave function » of the trapped electron. 

For local centers with a spherically symmetric potential (such defect-centers 
are F-centers, impurity atoms in ionic and homopolar crystals, considered from 
the standpoint of the continuum model, and others), we have 
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b= Mele, Ox). (5) 


In the continuum model of local centers with smoothed out functions, we have 


Dic (7, on) =9(r), 
k 


and when using detailed functions we have 


de = 9 (7) Ux (Px), 


where u;(o,) is the wave function of the "extra'' electron in the vicinity of the 
k-th site; finally, in the orbital model we have ),=u,, but now the sum in (5) 
must be extended to include the impurity nucleus. 
After inserting (5) into (4) and performing several operations, we obtain 
, “5 : at > > 
H s=> >; oy [ Ax, (1,S) oe By, (1,Ry) (SRx)] * a SI, >, Apgk (Uktpx) (Stgx). (6) 
k Pd 


Here x, Tox, Tak are unit vectors along the Cartesian 1x, v,, x, axes, whose 
origin lies at the /4-th site (the ,r,, axis lies along the vector R, which gives 
the position of the 4-th site relative to the defect); » and g take on the values 
L, 2, and 3. 

In the spin Hamiltonian (6) the spin and coordinate parts are separated. 
Therefore its form depends only on the symmetry of the problem. Different choices 
of functions in different approximations change only the values of the coefficients. 


ala 9 


2. Theory of Electron Spin Resonance in F-Centers?~ /»9 

In considering the interaction of an F-center electron with the magnetic mo- 
ments of the nuclei in the lattice, it is often sufficient to extend the sum in 
(6) only to the two coordination spheres closest to the vacancy. This is justified 
by the fact that in alkali halides, for instance, the radius of the F-center elec- 
tron state is barely larger than the lattice constant.19,2 For this reason the 
coefficients in the spin Hamiltonian decrease rapidly with distance from the vacan=- 
cy. , 
If we now make use of the symmetry of the problem, the spin Hamiltonian giv- 
ing the hyperfine interaction of an F-center electron with the first coordination 
sphere in an alkali halide crystal (with the metal nuclei) becomes 


6 6 
Hy? = AS LS + BY (Ry) (SRy). (7) 
id | kot 

A characteristic property of (7) is the presence of the second, anisotropic 
tern. 

The continuum model with detailed wave functions leads, after cumbersome but 
not fundamentally difficult calculations, to analytic expressions for the coeffi- 
cients in the spin Hamiltonian; it is then possible to carry out calculations for 
specific crystals. 

The eigenvalues of (7) are given by 


WS. S Agly. (8) 
iad | 


Here S. and /, are the eigenvalues of S. and /, respectively. The static ex- 
ternal field is aligned with the z axis of the system, and 
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Ay = V A? + BRi, (24 BR). (9) 


By using (8) one can find the frequencies of the transitions caused by the 
incident wave and the half-width of the absorption band. In addition, one can 
find the shape of this band by calculating the statistical weights of the indi- 
vidual states. Calculations of the half-widths for KCl and NaCl crystals give 
order of magnitude agreement with experiment. 

Because the weight factor A, depends on the mass number of the nucleus, the 
band shape differs somewhat from the Gaussian, although, as numerical calculations 
for alkali halide crystals show, the deviation is not large. 

Thus Kip et al2 notwithstanding, the correct application of the continuum 
model does give reasonable results both for the width and for the shape of the 
absorption curve. 

We note also that in analogy with (7) the operator giving the hyperfine in- 
teraction of the F-center electron with the nearest halide nucleus is given by 


AY = A’ (1,8) + B’ (1¢Rx) (SRx) + C1 ,,5 (10) 


*1k° 


3. Variation of the F-Center Hyperfine Structure with 
the Orientation of the Crystal in an External Magnetic Field® 


Feher!! studied microwave induced transitions (with AS = O and AI = +1) in 
phosphorus-doped silicon. Similar transitions were observed experimentally in 
the nuclei of metal and halide ions surrounding F-centers in KC1.12 For these 
transitions, we can write 


hy = g18,H +- Esq, ty — sy, 19-15 (11) 


where g, is the nuclear g-factor, 8, = the magneton, and is 
the hyper-fine interaction. 

Assuming that the field H is perpendicular to the [001] direction and makes 
an angle @ with the [100] direction, we can apply (10) to chlorine ions, for ex- 
ample, to obtain theoretical expressions for the frequencies of nuclear spin 
transitions as functions of @. These functional dependences are shown in the 
form of curves in Fig.la. 

Fig.1 shows also the good agreement obtained with experiment (points). Thus 
for 9 = 0, the frequencies v’o01, v’001 and voip coincide; as @ is varied from 0 
to 45° v9, increases,while the other two frequencies decrease. At 9 = 0, vioo 
is lower than ¥910 but becomes equal to it at @ = 45°. 

By comparing the experimental and theoretical curves, we can find the con- 
stants in the spin Hamiltonians of (7) and (10); then by simple numerical calcu- 
lations we can obtain the squares of the electron wave functions at the potassium 
and chlorine sites. It was found that in KCl, for instance, $#(K) = 0.70°1024cm3 
and (Cl) = 0.11°1024 cm-3, Thus the ratio of these values is 6.4, which indi- 
cates that the F-center electron is localized in the immediate proximity of the 
vacancy. 

The constants in the spin Hamiltonian can be calculated from expressions de- 
duced in Refs.5,6,7 & 9. The calculations show that both the continuum and the 
orbital models of F-centers lead to order-of-magnitude agreement between the theo- 
retical and experimental values of the coefficients. 


Jy is the energy of 
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Fig.l. a) Variation of the hyperfine structure of an F-center as a function of 

the crystal orientation in an external magnetic field. The curves correspond to 

the different groups of chlorine atoms identified in Fig.lb. The circle points 
are experimental values. b) Unit crystal cell. V - vacancy. 


Finally, we note that the frequencies of nuclear spin transitions are about 
1.2 times lower for C135 than they are tor C137, which corresponds to the value 
of the p ratio for C135 and c137,9-7,9 


4. Electron Spin Resonance in Surstoichiometric Metal in NaCl type Crystalsl3 


Electron spin resonance has been studied in the excess metal in NaCl type 
crystals (for instance, Na in NaCl). Methods similar to those of Sections 1 and 
2 were used to deduce the spin Hamiltonian of the hyperfine interaction of the 
metal valence electron with its surroundings: 


H, = AglS + pa Box (IgRx) (SRx) + >) Ay (eS) + >) Bix (Rx) (SR,)- (12) 
h k 


The first two terms give the energy of interaction of the electron with its 
own nucleus; the second two, with the surrounding nuclei. 

Having the eigenvalues of (12), the frequencies of the transitions induced 
by the incident electromagnetic wave and the intensities of the corresponding 
electron spin transitions, we can determine the shape of the absorption curve. 

This curve for the case of Na 
in NaCl is shown in Fig.2. The ab- 
sorption band was the following 


about the Zeeman frequency; it com- 


associated with the interaction of 
the electron spin with the spin of 


-63  -4 -28 ae) a4 a 66S CO Oe the impurity nucleus. For this rea- 
son the absorption curve is not 
Fig.2. Absorption curve of interstitial Gaussian (as was shown in Section 2, 


Na atoms in NaCl. such a curve would be characteristic 


properties. The contour is symmetric 


prises four lines of equal intensity, 


i< 
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| for electron spin resonance in the case of a DeBoer model F-center. This mechan- 
ism can therefore be used to differentiate between the DeBoer model and that of 
Hilch and Pohl. 

Numerical calculations for NaCl show that it should be feasible to resolve 
the most intense lines experimentally. 

Finally, in this case there should be a characteristic dependence of the 
hyperfine structure on the crystal orientation in an external static magnetic 
field. This follows from the anisotropic terms in (12). 


5. Hyperfine Interaction and Electron Spin Resonance in Polarons and Excitons!4 


Let us consider electron spin resonance in systems whose energy operator has 
translational symmetry. 

It can readily be shown that in such systems (which include polarons and ex- 
citons) the energy correction due to the hyperfine interaction vanishes in the 
first approximation. This is because of the nonlocal nature of the wave func- 
tions, in view of the fact that the electrons interact to the same extent with 
the magnetic moments of all the nuclei in the crystal. Thus the hyperfine inter- 
action is proportional to the average nuclear magnetic moment per unit volume, 
which is obviously zero. 

It follows that, in contrast to the case of local centers, hyperfine inter- 
action where excitons and polarons are concerned will not lead to broadening of 
the spin resonance absorption line. This can be used to differentiate experiment- 
ally between polarons and local electron centers. 

The author has shown theoretically15-17 that in ammonia solutions the atoms 
of an alkali metal dissociate and the freed electrons form polarons. These polar- 
ons are responsible for the electrical conductivity and optical properties of 
ammonia solutions of metals. 

Experimental studies of electron spin resonance in color centers in metal- 
ammonia solutions!8 have shown that the width of the spin resonance absorption 
region is of the order of 0.1 gauss, i.e., about 10-4 the width in F-centers. 

This obviously indicates that these color centers are not local electron 
centers, but polarons. This was first pointed out by Pekar. 19 

Evaluations of equilibrium exciton concentrations lead to values of 1015 to 
1016 cm-3, With such concentrations it should be possible to observe spin reson- 
ance absorption experimentally. 

It must be noted that the total spin of the electrons in a dielectric in its 
ground state is zero. In the case of optical transitions, the total spin remains 
zero. When, however, an rf quantum is absorbed by an exciton, the total electron 
spin becomes +1, so that the reverse transition from the exciton to the ground 
state is essentially forbidden. It follows then that an exciton produced by ab- 
sorption of an rf quantum will normally have a much longer lifetime than an or- 
dinary exciton. 
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ABSORPTION AND LUMINESCENCE SPECTRA OF ALKALI-HALIDE CRYSTALS CONTAINING 
IMPURITY IONS WITH ISOELECTRONIC SHELLS 
- M.L. Kats 


Introduction 


A very real, and at the same time hardly studied, problem in the physics of 
crystal phosphors is the problem of luminescence centers and the mechanism of 
selective absorption of light by activating impurities. One of the assumptions 
made at present regarding the nature of absorption and luminescence centers in 
activated crystals is that these are ions or atoms of the activating impurity 
whose electron shells are deformed and whose energy levels are shifted or even 
split (as compared with the levels of the free impurity) owing to interaction of 
the activating impurity with the ions of the host lattice. In other words, it 
is assumed that impurity absorption and luminescence bands are associated with 
electron transitions between the energy levels of the activating impurity itself. 

It follows that, provided the electron shell is not excessively distorted, 
the absorption and emission spectra and other properties of crystals containing 
impurity ions of different heavy metals should exhibit considerable similarity 
if these ions have isoelectronic shells. Such similarity, if observed, would 
serve as a confirmation of the above hypothesis concerning the mechanism of im- 
purity absorption and the nature of luminescence centers in crystal phosphors. 
Consequently, a detailed investigation of the absorption and luminescence spectra 
of alkali-halide crystals activated by ions of heavy metals having isoelectronic 
shells was undertaken in our laboratory. 


Crystals activated by Int and Sn2*+ ions 


The single crystals studied were grown from melts of KBr + InBr and KBr + 
+ SnBro with comparatively low concentrations of the activating impurities; these 
presumably were incorporated into the lattice as Int and Sn2t ions, which have 
isoelectronic shells with identical electron configurations. 

Absorption and emission spectra of alkali-halide crystals activated by tin 
were studied in the work of Refs.1-4. An interpretation of the mentioned spectra, 
based on a study of the changes in the spectra which developed under the influence 
of hard radiation and additive coloring, was given by the author in Refs.2-4. 

The absorption spectra were investigated by means of an SF-4 quartz photo- 
electric spectrophotometer; the luminescence spectra were studied by the photo- 
graphic procedure on an ISP-51 spectrograph in the visible region and an ISP-66 
instrument in the ultraviolet region. The spectrograms were scanned on an MF-2 
microphotometer. The monochromator of an SF-4 spectrophotometer was used for 
studying the excitation spectra; the usual photocell assembly was replaced by an 
FEU-19 photomultiplier; special light filters were inserted between the latter and 
the crystal phosphor in order to shield the photomultiplier photocathode from the 
direct exciting light. 

It will be evident from curve a in the accompanying figure that the absorp- 


tion spectrum of KBr:In single crystals consists of a very intense short wavelength 


band with a maximum at 2435 A and a considerably less intense longer wavelength 
group of bands peaking 274, 293 and 303 mu.” In the same figure, we present for 
comparison curve b which characterizes the absorption of the KBr-Sn crystal phos- 
phor. It can be ‘seen that the two spectra are virtually identical, except for 
the presence of structure in the short wavelength band of KBr:Sn (curve b). The 


longer wavelength group of bands in the KBr:Sn spectrum is appreciably less intense 


than the short wavelength band and, as in the case of KBr:In, has three maxima: at 
*278, 304 and 318 mu. 
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Such great similarity of the absorption 
spectra cannot be fortuitous and is, without 
doubt, due to the fact that the excitation pro- 
cesses take place in the activator ions per se. 
Thus, to interpret the absorption spectrum of 
the KBr:In crystal, one can start, as in the 
case of KBr:Sn (Refs.2-4), from the level dia- 
gram for an isolated Int ion, keeping in mind 
the displacement of these levels under the influ- 
ence of the lattice field of the host substance. 
According to the said level diagram, we can at- 
tribute the short wavelength band to 5s*'S)— 
osop'Pi transitions. The "fine" structure‘of this 
band in the case of KBr:Sn may be due to split- 
ting the 5sdp'Pi level, owing to an intracrystal- 


185 


Qu 


00. line Stark effect. 
It is easy to understand the absence of a 
f= ea aes 0 A, yt Similar structure in the spectrum of KBr:In if 
we recall that the In* ion deforms the intra- 

Intensity distribution curves crystalline field much less than the doubly- 
for the absorption of single charged Sn2* ion. 
crystals: a) KBr:In and b) The longer wavelength group of bands in the 
KBr:Sn. D - optical density case of KBr:In, as in the case of KBr:Sn, is due 
values from spectrograms. to the triplet structure of the 5s5p*P term and 


the possibility of intercombinational transi- 
tions between the 0s°159 ground state and the triplet components 5sdp*Pe2, 5sdp*Py 
and dsop*Po. We note that the selection rule for ‘!So9— *%Pe2 and 18)— %Po transi- 
tions does not hold strictly even for gases®, and that the forbiddenness may be 
mitigated or removed in a crystal lattice under the influence of the intracrystal- 
line field. 

After irradiation of the phosphor with x-rays, the absorption at the intense 
short wavelength band decreases; at the same time, the absorption at 274, 293 and 
303 mu increases owing to the formation of V-centers in the crystal. This infer- 
ence is substantiated by the appearance in x-irradiated KBr:In of an additional 
absorption band at about 270 mu; this value agrees within the limits of the ex- 
perimental error with the peak wavelength of the V-band (267 mu) in pure KBr 
crystals. ? 

It follows from analysis of the experimental results that a reduction in the 
concentration of the ionic activator centers occurs after irradiation of the phos- 
phor with x-rays. Similar effects in other alkali-halide phosphors® are usually 
cause the trapping of electrons by the ionic activator centers and by the 
formatior of atomic centers, which have characteristic absorption bands. In the 
case of KBr: In, a new additional absorption band peaking at 325 mu also develops; 
however, it appears only after the F-band is bleached, a process which involves 
trapping of electrons by the ionic centers. The absorption at the V-band also 
decreases at the same time in consequence of recombination of the V-centers with 
electrons freed in the optical dissociation of the F-centers. 

. As in the case of KBr:Sn, the fluorescence spectrum of KBr: In consists only 
of one band with a maximum at 425 mi; the shape and wavelength of the band are 
independent of the frequency of the exciting light. 

Again, for KBr:In, as for KBr:Sn, the spectral distribution curve for the 
effective excitation fully reproduces the curve for the spectral distribution of 
the absorption. 


ay em 
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The experimental data show that emission from KBr:In and KBr:Sn phosphors 
occurs as a result of electron transitions only from a single discrete excitation 
level to the ground state. From the fact that the fluorescence spectra are inde- 
pendent of the excitation frequency, it follows that the departure level for 
these transitions must be the lowest lying excited level. Electron transitions 
to this level from higher levels are evidently nonradiative. 


Crystals activated by T1+ and Pb2* ions 


Ti+ and Pb2* ions also have isoelectronic shells and alkali-halide phosphors 
activated by them (especially thallium) have been the subjects of numerous experi- 
mental and theoretical investigations. A comparison of the data in the literature 
shows that the absorption and luminescence spectra, as well as other properties, 
of alkali-halide phosphors activated by T1*t and Pb2+ ions also exhibit marked simi- 
larities. : 

Although no one noted it xe leaped it should have been obvious even from 
the early measurements of Hilsch” that the absorption spectra of alkali-halide 
crystals doped with thallium or lead are entirely identical as regards the number 
and shape of the bands. In both cases, regardless of the host cation or anion, 
the spectrum consists of two main bands: an intense short wavelength band and a 
less intense longer wavelength one in the 2000-3000 A region. The location and 
shape of these bands are completely identical in different alkali-halide crystals 
having a common anion; upon replacement of the anion - going from Cl” to Br7~ to 
I” - the shape does not change but the bands are progressively shifted to longer 
wavelengths. 

However, comparison of the absorption spectra of activated and pure alkali- 
halide crystals shows that the said shift is not associated with direct partici- 
pation of the halogen ions in absorption processes. It is caused by enhanced in- 
teraction of the activator ions with neighboring halogen ions, whose radii and 
polarizabilities increase in going from Cl” to Br to I’. 

The luminescence spectra of alkali-halide crystals activated by thallium and 
lead are also identical in structure. In contrast to the luminescence spectra of 
alkali-halide crystals doped with indium and tin, which comprise only a single 
band in the visible region, the spectra of alkali-halide crystals activated with 


thallium and lead contain two bands, one in the visible, the other in the ultra- 


violet region. Thus, the luminescence bands of NaCl:Pb peak at 4530 and 3180 A, 
while those of KC1:Tl are centered at 4750 and 2980 A. 


Recent studies!9 of the absorption and excitation spectra of NaCl:Pb phos- 
phors showed that the longer wavelength absorption band is complex and actually 
consists of at least two bands: one in the 2600 to 2950 A regidn with a maximun 
at 2730 A, and the second in the 2750 to 3100 A region with a maximum at 2900 A. 
An additional excitation band at 2600 A was observed for NaCl:Pb phosphors grown 
from solutions. Thus, the longer wavelength absorption band in the NaCl:Pb spec- 
trum has a structure which may be associated with the triplet structure of the 
Gbsbp*P? term and by intercombinational transitions between the fis?'S» ground state 
and the triplet components (sip'/’2, bsbp'Ps and bysby ‘lo. 

So far triplet structure of the longer wavelength absorption band has not 


been observed in the case of Tl-activated single crystals. 
However, in some cases,the triplet structure of the term associated with the 


longer wavelength absorption band is evinced very clearly in the luminescence 
spectrun. Thus, for example, the ultraviolet band in phosphorescence of a Nabr;T] 
crystal splits at low temperature into three bands!1 peaking at 295, 305 and 32( 
mi. According to the calculations of Williamsl2, the longer wavelength absorpti 
band and the ultraviolet luminescence band in Tl-activated alkali-halide phosphors 


are associated with ‘‘,)- .-'‘/’ transitions. 
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In addition to the bands mentioned above, another band has been observed in 
the luminescence spectra of KC1:Tl and NaCl:Pb (at 3775 A and 3850 A, respectively). 
These bands are highly sensitive to the activator concentration, and, according 
to Schulman & Gintherl9 and Williams et all2, are caused by activator ion pairs, 


the luminescence spectrum of which changes with time owing to interaction between 
them. 


Conclusions 


Alkali-halide crystals activated with ions having isoelectronic shells show 
very marked similarities as regards their absorption, excitation and luminescence 
spectra, and other properties. Such congruences indicate that the processes of 
absorption and emission in such crystals are associated with electron transitions 
between activator ion levels that are shifted, under the influence of the intra- 
crystalline field, relative to their "normal" positions in the free impurity atoms. 


"N.G.Chernyshevskii'’ Saratov State University 
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SPECTROSCOPY OF LUMINESCENCE CENTERS IN ALKALI HALIDE CRYSTAL 
PHOSPHORS ACTIVATED BY MERCURY-LIKE IONS 


- Ch.B.Lushchik & N.E.Lushchik 


The spectral characteristics of free "mercury-like ions" (Gat, 
Ge2+, Int, Sn2+, T1+ and Pb2+) have been thoroughly studied. The 
luminescent characteristics of alkali halide phosphors activated by 
thallium, lead and tin have also been investigated (for a review of 
the work in this field see Refs. 1-3). In the past year KCl and 
KBr phosphors activated by indium, gallium and germanium were syn- 
thesized by one of the present authors4-§ (see also Ref.7). This 
made possible a detailed comparison of the characteristics of free 
mercury-like ions and of luminescence centers in the corresponding 
crystal phosphors”’’?. We obtained the absorption, excitation and 
emission Specfra of KCl and KBr single crystals activated by Gat, 
Ge2+, Int, Sn2+, T1+ and Pb2+ ions (Figs. 1 & 2). For several of 
these phosphors, Shvarts9 determined the activation energy of tem- 
perature quenching of luminescence. The trapping centers in these 
phosphors and their recombination luminescence were studied in the 
work of Refs. 4 & 10-13. 

The absorption (excita- 
200 225 20 =300 $00 600 200 250 =—©300 900 600 2,mper tion) spectra Or alieor 

the phosphors are similar 
as regards electronic struc- 
ture; all the spectra com- 
prise one wide intense band 
(split in some cases) and a 
group of three weaker, long- 
er wavelength bands. Com- 
parison of several energy 
and probability relation- 
ships for the homologous 
series of the free activa- 
nt 1 tor ions and the homologous 
series of the phosphors 
showed? that these bands 
can be attributed to 'So<> 
NI \ NA ]\ <'P: and 'So— P%,1,2 transi- 
“i 6 ww 2 0 8 @ «gO 2imv tions (analogous assign- 

ments for individual bands 


=. : 


Fig.l. Absorption (1), excitation (2) of a number of phosphors 
and emission (3) spectra of KCl single were made in Refs.1,10,14, 
crystals activated by mercury-like Loum 17). 
ions; (2') - excitation spectrum of A quantitative compari- 
the band peaking at 475 m. son of the characteristics 


of the free ions and lumi- 
nescence centers indicates, however that the intracrystalline field 
changes the properties of the mercury-like ions to a greater extent 
than it does those of rare earth ions (see Ref.18). 

A convenient parameter for characterizing the change in the se- 
paration between the levels of an impurity ion when it is introduced 
into the host lattice is the ratio of the transition energy Ef in 
the free ion to the transition energy Ec in the impurity center in 
the crystal (we take Ec = Li, , the energy corresponding to the peak 
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of the absorption band). 


From the standpoint of principle, it is 


worth noting that the "compression coefficient" @ = Ef/Ec is great- 
er than unity Por aii of the investigated metallic impurities in 
alkali halide crystals, i.e., the lattice field reduces the spacing 


between the energy levels of all cationic impurity centers. 


For 


anionic impurity centers, one may expect the inverse relationship: 


225 250 300 900 GO 205 230 300 400 


i 
! 
65 4 260 DOS 20 huyev 


Fig.2. Absorption (1), excita- 
tion (2) and emission (3) spec- 
tra of KBr single crystals acti- 
vated by mercury-like ions. 


@<1l, and this does actually ob- 
tain for H~ centers in KC1:KH 
(? +0.13). The difference in 
the value of @ for cationic and 
anionic impurities is probably 
associated with the fact that 
negative ions (unlike positive 
ones) are "compressed" in the 
lattice field.19> 

Upon introduction of the ion 
into the lattice field, the re- 
lative locations of the energy 
levels of a given configuration 
(*Po,*P1.*P2 and 41) are altered in 
a manner indicating weakening of 
the Russel-Saunders (L-87 coupl- 
ing by the crystal field~. 3 

It was found that @1 + -:aE¢.- 
This approximate relationship al- 
lows of making several important, 
although necessarily rough eva- 
luations. Thus, using the tran- 
sition energies in the free ions 
and this relationship, we were 
able to predict correctly the 


location of the main absorption (excitgtion) bands of the heretofore 
3 


unprepared phosphors KCl1:Ga and KCl:Ge 
absorption bands, which have not been investigated up to the present, 


corresponding to the n'So—(n + 1)'?, 


and the location of the 


transitions in a series of phos- 


Pphors activated by mercury-like ions’. 
The intracrystalline field causes splitting of the level of mer- 


cury-like ions into three sublevels. 
clearly evinced in phosphors activated by Sn2t and Ge 


This effect is ee ee 
and corres- 


ponds to a complete splitting into (2J + 1) components, which, ac- 


cording to Bethe21, 
lower symmetry. 


is possible in a field having rhombic or 
This should be related to local changes in the sym- 


metry of the field caused by microdefects in the crystal lattice 
(for example, vacant sites, dislocations) or to non-fully symmetri- 
cal vibrations of the surrounding host ions. 

The crystal field of the lattice only insignificantly weakens 
the forbiddenness with respect toAS (by less than a factor of 10), 


but it very strongly affects the AJ selection rules. 


In crystals 


activated by Gat, Int, and Tl+, the probability of the forced di- 


pole 'So—*Po and 
million-fold.3;5 


So > *Pp transitions is increased by at least a 


The electronic-vibrational structure of the spectra was studied 
most completely and systematically by Pekar and his co-workers?2-2 
with two principal simplifying assumptions: that the vibrations are 
purely harmonic and that the change in the vibration frequency of 
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the ion after excitation of the center is negligibly small.* For 
impurity centers of relatively large radius, the "frequency change 
effect" is apparently small (#, =w2); consequently, the Pekar theory 
agrees satisfactorily with experiment in a number of cases (for ex- 
ample, for Fo centers28). 

However, as was shown by micro-calculations1!5,29, the effective 
radii of the luminescence centers in alkali halide phosphors activa- 
ted by T1l* and Agt ions are small. In this case the "effect of 
frequency change incident to phototransitions" (#12) may be sig- 
nificant. This is indicated by several experimental facts3,8 Here 
we note only the most important of these, namely, the large diffe- 
rence between the half-widths of the absorption and emission bands, 
o%* and 6!, corresponding to the very same electronic-vibrational 
So *P transition in the luminescence centers of all of the crys- 
tal phosphors studied in the present work (also see Refs. 26 & 27). 

Simple calculations in the framework of the "method of potential 
curves"15,16,30, using the semi-classical Franck-Condon principle, 
showed that at temperatures which exceed the "characteristic tem- 
perature of the luminescence center", /=(w,/,)? =(8'/%)" (Ref .3). 
For the phosphors we investigated, the value of / varies in the 
range from 1.5 to 2.5, i.e., the "frequency change effect" after a 
phototransition is significant, which is evidence of interaction 
of the center with local lattice vibrations. In the same approxi- 
mation, we generalized the Pekar-Krivoglaz relations22,23 between 
the absorption energy £*%, and the radiated energy #!,, the half- 
-widths 8 and 3 , the energy Ll. of a pure electronic transition 
and the activation energy Q for temperature quenching: 
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The more rigorous Pekar-Krivoglaz relationships can be obtained 
from these expressions for /= 1. In the case when./ = 1, the cal- 
culated activation energy (2) for temperature quenching differs 
from the experimental value? by an appreciable factor. The diffe- 
rence between the theoretical and experimental values of £,,—/) 
is also considerable. Using /= (',«*)’ # 1 significantly improves 
the agreement between the theoretical and experimental values of ¥ 
and 4% 4£' , but does not completely eliminate the discrepancy.” 
The nature of the deviation between the theoretical and the experi- 
mental values and, also, the rather significant shift of the absorp- 
tion and emission band peaks with temperature indicate that it is 
necessary to take into account anharmonicity of the lattice vibra- 
tions. 


*An attempt was made in Refs.26 & 27 to calculate the "frequen- 
cy factor". 
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Because of the large Stokes loss (1-2 ev) in the luminescence 
centers of phosphors activated by mercury-like ions, the elementary 
emission and absorption bands have the Gaussian shape, as_ predicted 
by the Pekar theory2?2 and as follows from the Klick modell A de- 
tailed study of band contours reveals a small asymmetry in the spec- 
tra because of changes of the vibrational frequencies during photo- 
excitation. Mirror symmetry of the absorption and emission bands 
is not realized and the asymmetry of the absorption bands at tem- 
peratures above the characteristic temperature is anomalous,® as 
should be the case for 1 >, 

Calculations of the potential curve parameters for the lumines- 
cence centers, using the experimental data obtained at various tem- 
peratures, showed31,8 that /.% and /. depend on the temperature. 
This, as was predicted by Lax209, indicates that the single-coordi- 
nate approximation is inadequate for describing such complex sys- 
tems as luminescence centers in crystal phosphors. The inadequacy 
of the Klick-Williams model, which takes into account only fully 
Symmetrical vibrations of the surrounding ions, is also evident 
from a number of other experimental factors3>8, 

However, the Klick-Williams model can be regarded as a fairly 
good first approximation for describing the luminescence centers in 
phosphors activated by mercury-like ions. Using this model it is 
feasible to study semiquantitatively a number of important spectral 
regularities: (for example, the relation between the optical and 
thermal attributes) characteristic of luminescence centers and to 
make approximate evaluations that may be of value to experimenters. 

The existence of a new physical phenomenon, namely, "optical 
quenching" in impurity centers,was recently predicted using this 
model, and, on the basis of this effect, analysis was made of the 
criteria for the occurrence of luminescence and for deviations from 
Vavilov's law.32,3,33,8 
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FLUORESCENCE OF PURE CADMIUM SULFIDE AT LOW TEMPERATURES 
- E.Grillot and M.Bancie-Grillot 


It is known from the work of Ewlesl, Randall? and Kriger®, 


dating back nearly a quarter of a century, that very pure cadmium 


sulfide cooled to the temperature of ,liquid air emits a bright 
green luminescence in the 5000-5400 A region. It is noteworthy 
that this luminescence band comprises several equally spaced peaks 
which become increasingly prominent as the temperature is reduced. 
The origin and nature of this fluorescence in the neighborhood of 
the principal absorption edge, which are of considerable importance 
from the standpoint of theory, cannot be explained by the presence 
of impurities and hence merit special consideration. 

There are two contradictory points of view regarding the ori- 
gin of this fluorescence. According to one, the green fluorescence 
at the absorption edge is associated with the recombination of elec- 
trons and holes, occurring at unidentifiable points in the crystal- 
line lattice. This led to coining of the term "lattice emission". 
The green fluorescence of pure cadmium sulfide at low temperatures 
is an indication of the fact that direct optical transitions from 
the conduction band to the valence band are not absolutely forbid- 
den. Apparently, this forbiddenness is of the first degree and, in 
the absence of impurity luminescence centers, the conduction to va- 
lence band transition probability is not strictly zero. The pre- 
sence of the several equally-spaced peaks in this case is explained 
by lattice vibrations. 

Three years ago, Krdger and Meyer? noted that the green fluo- 
rescence of very pure cadmium sulfide at low temperatures is an at- 
tribute of an ideal, undisturbed lattice. However, theoretical ana- 
lyses, assuming the participation of photons, excitoms or phonons in 
the optical transitions, showed that the photon contribution must be 
Significantly smaller than that of the other two quasiparticles. 

Certain other facts, observed by Klick®, give reason to infer 
that the green luminescence may be attributed not to electron tran- 
sitions from band to band, but to exciton transitions. Klick, how- 
ever, did not share this opinion®. In a paper published in 1953, he 
insisted that it was impossible to decide definitively between a non- 
localizable and a localizable lattice mechanism. He regarded another 
hypothesis as more probable and supported this by a number of argu- 
ments, particularly by reference to the infrared absorption band ob- 
served at room temperature by Plyler at about 34 uw. Since there were 
no clear data for settling this important question, we decided in 
1955 that it was necessary to study the entire problem more deeply 
from other positions. 

If, as assumed in the first hypothesis, the green fluorescence 
of very pure cadmium sulfide at low temperatures is caused by a non- 
localizable mechanism, it should depend only on the properties of 
the crystal lattice. In all of the cases in question, we have a 
lattice of the hexagonal type, the parameters of which can change 
under the influence of a number of physical factors (temperature, 
pressure); however, the lattice properties should not depend on the 
procedure employed in preparing the crystal. That is, regardless 
of how the crystal is prepared, a green fluorescence should be ob- 
served at very low temperatures. On the contrary, if the emission 
is due to a mechanism localized in the lattice, i.e., associated 


ee ae 


SS A 


i, 


p.@- 4 
a A — 
aA aa 
A See 
uh 


Sed 


am | 


ae 
i 
De 


pigs a 


@ 
_ 
is 

' 


a 


aes | 
a) 


oa 
£ 


mo La. 


“hr el ae <r 


F ae 


- 1347 - 


with some defects that act as luminescence centers at low tempera- 
tures, the green fluorescence should vary depending on the proce- 
dure used for preparing the crystals, since the concentration and 
even the nature of the lattice defects are influenced by the crys- 
tal growth technique. 

This approach proved fruitful. It enabled us to show that 
the green fluorescence of cadmium sulfide at low temperatures must 
be attributed to discrete luminescence centers distributed through 
the crystal lattice. Moreover, in one special case of preparation, 
in which the green fluorescence of the crystal was insignificant, 
we were able to observe an intense blue emission consisting of lines 
forming a quasi-hydrogen-like series. 

Until now the luminescent emission at the absorption edge of 
the cadmium sulfide has been studied using polycrystalline specimens 
or very recently single crystals synthesized from the gaseous phase. 
In the present work, we experimented with six types of high purity 
cadmium sulfide specimens prepared by different procedures. 

None of the specimens exhibited fluorescence in the visible 
and infrared regions of the spectrum at ordinary temperatures. The 
inclusion of traces of silver, however, caused a bright red fluores- 
cence, regardless of whether we were dealing with a polycrystalline 
powder® or single crystals’. Traces of copper gave rise to infrared 
luminescence®. Consequently, the absence of luminescence in our 
samples may be taken as an indication of their high purity, at least 
as regards impurity centers causing luminescence or quenching there- 
of. 

Sample No.1 consisted of powdery polycrystalline cadmium sul- 
fide, prepared from cadmium disulfide. This substance was obtained 
by the prolonged evaporation of 
a highly concentrated solution 
of Cd2+ and $506. When heated 
above 500°, the disulfide trans- 
AA forms into well-crystallized 
cadmium sulfide, free of excess 
sulfur. This purification, which 
avoids the formation of a sulfur 
lattice, has the advantage that 
almost all traces of oxygen, 
which has a very strong effect 
on luminescence”, are removed. 

The resultant substance af- 
ter being roasted at 1000°C in 
a nitrogen atmoshpere, began to 
luminesce only when cooled to 
below 90°K. Here, the bright 
green fluorescence in question 
could be observed. The position 
of the band in the spectrum and 


20500 20000 19000 18000 v,cw! 


Fig.l. Fluorescence of pure CdS at 
200K: 1 - fine crystalline powder 


heated at 1000°C with 2% NaCl 
(Sample No.2), 2 - fine crystal- 
line powder heated at 1000°C with- 
out "flux" (Sample No.1). 


its structure depended on tem- 
perature. In Fig.l we show 
(dash-dot line) the spectral 
distribution of the fluorescence 
of this substance at 20°K. In 
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agreement with the,data of other authors, we found that it extends 

from 5100 to 5600 A and has four well defined maxima spaced 300 + 

+ 10 cm-l apart. No blue luminescence was observed from this spec- 
imen (between the absorption edge and the green band), nor was there 
any emission above 5600 A. 

Sample No.2 was the same crystalline powder prepared from the 
same starting materials. In this case, however, 2% pure NaCl was 
added to it before heating at 1000° in nitrogen. The fluorescence 
at low temperature was more complex: a blue band appeared in addi- 
tion to the green band. At 20°K the green band was very bright 
(Fig.1, solid curve), and had the very same structure as in the 
spectrum of Sample No.l, although somewhat less sharply pronounced. 
The individual structure peaks coincided with the peaks in the fluo- 
rescence of Sample No.l. The blue band was less bright (than the 
green), showed no structure and had only one peak, located at about 
4900 A (20,340 cm-l). Since the only difference in preparation was 
the addition of NaCl, it is natural to assume that the additional 
blue band is due to the influence of the "flux". At present we do 
not know whether the effect is a surface one or involves an internal 
change in the lattice. 

We also investigated cadmium sulfide prepared by synthesis in 
the gaseous phase by reaction of hydrogen sulfide on cadmium vapor 
at a temperature above 850°. The procedure, which we proposed in 
1952, differed somewhat from that described by Frerichs!l. Our e- 
quipment was simpler and did not require entrapping the cadmium va- 
por by an inert gas’. Specifically, our procedure was the follow- 
ing: a stream of hydrogen sulfide was passed through a quartz tube 
inside which was a second smaller tube which was sealed at one end 
and partly plugged at the other end by a quartz test tube. The 
small tube contained pure cadmium in a small boat. At 850° the cad- 
mium vapor filled the small tube and met the hydrogen sulfide which 
gradually penetrated into it. As with the Frerichs procedure, pris- 
matic single crystal needles together with transparent striated pla- 
telets (Sample No.3) were obtained at the open end of the tube. In 
addition a dull polycrystalline film was formed on the interior of 
the small tube. It could be supposed that this polycrystalline 
coating would have different properties from the needles or the pla- 
telets, since it was the simultaneous result of synthesis in the gas 
phase and sublimation. We shall refer to the polycrystalline film 
as Sample No.4. 

For Sample No.3 we obtained a fluorescence spectrum which ag- 
reed with the spectrum of Sample No.1. The emission spectrum at 20° 
is shown in Fig.2 by the solid curve. The peaks coincide with the 
luminescence peaks of the microcrystalline powder (dot-dash line); 
in this case, however, the band structure is more developed and one 
can distinguish five peaks instead of three. 

The green fluorescence of Sample No.4 at 20°K was very bright 
(Fig.2, dashed curve). Like No.4, Sample No.2 did not yield a blue 
band. Although the emissions of samples Nos.1 and 3 are similar in 
general, there are differences of detail. The emission of Sample 
No.4 extends somewhat farther into the long wavelength region and 
comprises six peaks which differ in relative brightness. ’ 

Sample No.5 was a large single crystal prepared by sublimation 
at low temperatures, using a technique which we described earlier.+< 


—— 


- 1349 - 


19000 000 ucw! 


Fig.2. Fluorescence of pure CdS 
at 20°K: 1 - single crystal (Sam- 
ple No.3), 2 - film obtained by 
Synthesis in the gas sphase (Sam- 
ple No.4), 3 - microcrystalline 
powder calcined at 1000°C without 
"flux" (Sample No.1). 
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Fig.3. Fluorescence of pure CdS 
at 20°K: 1 - single crystal ob- 
tained by sublimation at 1150°C 
(Sample No.5), freshly prepared 
sample, 10 min exposure; 2 - the 
Same crystal after 6 months aging, 
3 hrs exposure; 3 - single crys- 
tal synthesized from the vapor 
phase, 12 min exposure. 


cence: the luminescence yield was 


A large diameter quartz tube (or 
one of aluminum oxide or titanium 
oxide) was heated to 1000°. A 
small diameter tube with a flat 
bottom, containing microcrystal- 
line powdered cadmium sulfide, 

was inserted into the large tube. 
The small tube was partly plugged 
with a quartz test tube. A slow 
flow of gas (hydrogen, hydrogen 
sulfide, or nitrogen, purified of 
oxygen), passing through the lar- 
ger tube, cooled the end of the 
small tube and maintained the 
temperature of its flat bottom 
several degrees below the tempera- 
ture of the powdered cadmium sul- 
fide. Dense crystal plates form- 
ed on the flat bottom; these were 
Single crystals, the size of which 
was found to increase with the ini- 
tial temperature of sublimation. 
Thus we were able to obtain crys- 
tals with a surface of 1 cm“ and 
about 5 mm thick. The crystals 
had the greenockite structure 
(hexagonal system). 

In studying the green fluores- 
cence of these crystals at low 
temperature on a relatively fresh- 
ly prepared sample, we observed 
the following: the luminescence 
brightness was approximately the 
same as for crystals synthesized 
from the vapor phase; the spectral 
distribution at 20°K (Fig.3, solid 
line) showed, however, a less 
clearly pronounced structure than 
for the other samples. Several 
peaks agree with the peaks of oth- 
er samples; moreover, there are 
new peaks which are spaced 300 
cm-l apart and are located between 
the peaks common to other samples. 
The very same crystal tested 6 
months later gave weaker fluores- 
lower by a factor of about 20. The 


spectral distribution curve underwent a more profound change: there 


remained only the series of peaks 


(more prominent now) that lay be- 


tween the peaks of the previous samples (Fig.3, dot-dash curve). The 


separation between these maxima was about 300 em-1 as before. 


The 


new peaks of this second series stood out particularly well on the 
short wavelength side of the fluorescence band. : 

This new series of peaks located between the first series of 
peaks is also sometimes evinced in the emission of crystals pre- 
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ee I pared by synthesis from the gase- 


t , ous phase. This was also noted by 
= 8 : Furlong!3, In Fig.4 we show the 

“al complex spectral distribution curve 
for the fluorescence of such a sam- 
ple. For comparison, we also give 
the curves comprising the first and 
second series peaks. It can be 
seen that the peaks of both series 
are represented in the complex 


curve. 
As we see, study of the low tem- 
20000 19000 1000 vow? perature green fluorescence of the 


Fig.4. Fluorescence of pure CdS first five samples of pure cadmium 
at 20°K: 1 - single crystal ob- sulfide prepared by different pro- 


tained by synthesis from gase- cedures yields an answer to the 

ous phase, 12 min exposure; question whether the mechanism of 

2 - single crystal obtained by the green fluorescence is or is not 
sublimation at 1150°C after 6 localized in the lattice. Depending 
months aging, 3 hrs exposure; on the preparation procedure and 

3 - complex spectrum of crystal the age of the crystals, very sig- 
obtained by synthesis from the nificant differences are evinced in 


gaseous phase, showing peaks be- the green fluorescence. The fluo- 
longing to the first and second rescence spectra differ as regards 
series. 1) the nature of the band struc- 


ture: the separation, number and 
relative intensity of the peaks, 


2) the yield, and 

3) the location of the structure peaks which tend to form two 
series. Each series may be observed separately in different spectra 
or both exist together in the spectra of some crystals. 

These variations can only be explained by assuming that the 
emission of green fluorescence is localized at discrete luminescence 
centers formed by individual lattice defects. 

As has already been noted by several authors, the 309 em-l spac- 
ing between the peaks (of both series) can be associated with lattice 
vibrations. 

The existence of two series of peaks (Fig.5), in each of which 
the spacing is about 300 cm-!, leads us to infer the existence of two 
kinds of luminescence centers, and, consequently, to the hypothesis 
that there are two kinds of lattice defects connected with lattice 
vibrations. The energy levels of these defects rise above the top 
of the valence band only at temperatures below 100°K. 
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It can be assumed that these two types of lattice defects are 
cadmium and sulfur vacancies. The formation of two kinds of vacan- 
cies should lead to the appearance of two series of luminescence 
peaks in the spectra of these crystals. The predominance of one 
type of defect over the other, which might depend on the manner of 
preparation, would lead to predominance of one or the other series 
of peaks. If this is so, then equilibrium dissociation of cadmium 
sulfide vapor, 

CdS # Cd +S, 
should lead to the formation of approximately equal numbers of each 
kind of vacancy in the crystal during sublimation of the vapor at 
1250°C. However, in the process of aging, even at ordinary tempera- 
tures, these vacancies can be slowly filled through diffusion. This 
explains the gradual reduction in the luminescence yield, its low 
residual value, and the fact that the spectrum of aged crystals com- 
prises only one series of peaks, the one corresponding to the type 
of vacancy initially present in greater numbers. 

These considerations led us to the conclusion that dissociation 
of the CdS vapor should be the less, the lower the temperature. Con- 
sequently, if crystal growth during sublimation were to take place 
at the lowest temperature possible, the concentrations of the two 
kinds of vacancies should be very low. 

Accordingly, we prepared single crystals of CdS under steep 
temperature gradient conditions. CdS vapor from powder placed ina 
tube with a small aperture, which was heated to 1250°C, was carried 
off slowly by a stream of pure nitrogen into a cooler portion of the 
furnace, where crystal growth occurred at 700°C. Small prismatic 
single crystals 1-2 mm long were obtained in this manner (Smpl.No.6). 

Like the other samples, Sample No.6 did not exhibit noticeable 
fluorescence at room temperature. In contrast to the first five sam- 
ples, however, it did not emit green fluorescence when cooled to 779K; 
it began to fluoresce only when cooled to a very low temperature - 
20°K. Moreover, the luminescence in this casel4 differed greatly 

from that observed for the 
first five samples. The green 
luminescence band was in evi- 
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4Y G0 Mp 3 It can be seen from the 
microphotogram (Fig.6) that 
this luminescence differs 
from that of the preceding 


S225 = S $ samples. Instead of equally 
spaced bands, there obtains a 
\ | spectrum with sharp peaks,i.e. 
A, = a spectrum reminiscent of ato- 
—. , mic line spectra. In the long 
ed ‘ote agrd wii vi“ wavelength region we have the 


Fig.6. Fluorescence at 20°K of a pure green luminescence with four 
CdS single crystal obtained by subli- equally spaced peaks belonging 
mation with a steep temperature gra- to the two above mentioned se- 
dient. ries. However, this green lu- 
minescence is appreciably less 
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intense than the blue line emission. 

Leaving aside for the present the line at 19,720 cm-l ana two 
neighboring weakly evident lines which, as we will show below, are 
associated with it, we can establish that the six remaining lines 
form a series converging at the absorption limit, located close to 
20,700 cm-l. 

Although the spectrograph used did not have high resolving 
power, all of these lines were so sharp that their frequencies could 
be determined to within 1 cm-l. The frequencies of these six lines 
satisfy the quasi-hydrogen-like regularity 


Ay, = A— 


where A = 20,700 cm-l (the absorption edge in CdS at 20°K), B = 6500 
cm-l, and n takes on values from 3 to 8. Because of some uncertain- 
ty in determining the constants A and B, values calculated by means 
of this formula differ somewhat from the measured values (see Fig.6). 

The hypothesis of an exciton mechanism, which was discarded in 
considering the green luminescence, can be used for explaining the 
blue line luminescence. This hypothesis should, however, be consid- 
ered with caution in view of our limited experimental and theoreti- 
cal information concerning excitons. 

In our opinion, it is reasonable to turn to this hypothesis 
only if the observed spectrum consists of fine lines most of which 
form a quasi-hydrogen-like series to a first approximation. The co- 
incidence of some of the fluorescence lines with absorption lines 
may yield further confirmation of this hypothesis. 

In the case of pure cadmium sulfide, we saw that the equally- 
spaced green fluorescence bands cannot be attributed to excitons, 
as had been believed earlier. Moreover, one must not take as an 
incontrovertible proof of the exciton mechanism the existence in 
the fluorescence spectrum of several broad bands, the spacing be- 
tween which increases in going to longer wavelengths. 

For powdered CdS heated with NaCl flux, we observed a blue 
band together with a more intense ang complex green band; if the 
sample contains traces of silver, then a red band (maximum at 6500 
A at 20°K) is observed in addition to these two bands; traces of 
copper give rise to a band extending into the infrared region (max- 
imum at abovt 7200 A at 20°K). Thus, the existence of lines in the 
absorption spectrum or in the fluorescence spectrum is in itself 
not a sufficient proof of an exciton mechanism. Such lines may be 
due to other factors. Kruger, Klick and others observed blue lines 
and an intense green emission simultaneously in the emission of CdS 
at low temperatures. Furlong & Ravilious*”’ showed that some of the 
blue lines are undoubtedly caused by surface phenomena associated 
with adsorption of gases. 

The distinctive fluorescence of our Sample No.6, prepared by 
sublimation with a steep temperature gradient, furnishes stronger 
arguments in favor of the exciton hypothesis. We recall that this 
fluorescence is only observed in crystals in whose spectra the us- 
ual green fluorescence is either weak or lacking. In addition, we 
are dealing here with a set of lines, six of which, to a close ap- 
proximation, form a quasi-hydrogen-like series. Finally, we note 
the fact that the three lines with the shortest wavelengths, cor- 
responding to levels 8, 7 and 6, agree within satisfactory accuracy 
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with the most intense absorption lines observed at 4°K in the spec- 
‘trum of cadmium sulfide by Gross & Iakobsonl6, while the fourth 
(n= 5) differs only slightly from the last absorption line detect- 
ed by these authors. 

Of course, the absorption spectrum observed by Gross & Iakob- 
son is more complex. It also contains other lines, mainly five 
lines clustered near 4867 A. Actually, this complexity may be due 
to the very low experimental temperature: as we shall see, at 4°K 
the fluorescence spectrum also becomes more complex. Gross further 
observed that the relative intensity of the different absorption 
lines varied from tense to sample; some of them, especially those 
grouped near 4867 A, disappeared entirely from the spectrum of some 
Samples. It is even more remarkable that despite such variation, 
the 4853, 4858 and 4870 i lines, which are all associated with high 
lying levels that are evinced in the fluorescence, always appear in 
all of the absorption spectra. 

y As mentioned above, we observed 
‘a more complicated fluorescence 
spectrum when we cooled Sample No. 
6 to_the temperature of liquid he- 
lium!7. All of the sharp lines e- 
vinced at 20°K, were observed at 
4°K at exactly the same wavelengths. 
However, their relative intensity 
changed: the lines corresponding to 
levels 8 and 7 fell off in intensi- 
ty. Moreover, new fine structure 
lines appeared (Fig.7). Lines cor- 


20600 — 19600 you” responding to n= 3 and n= 4, now 
Fig.7. Fluorescence of a pure formed triplets, while the n= 5 
CdS single crystal obtained by line formed a doublet. All the se- 
sublimation with a steep tem- parations between the fine struc- 
perature gradient: 1) at 4°K, ture components were about 50 em-1, 
2) at 20°K. The three lines with frequencies 


of 19,720, 19,660 and 19,610 cm-l 

observed at 200K, appeared even more clearly at 4°K in the form of a 
triplet with a component spacing of 50 cm-l; the central line of the 
triplet was the most intense. It seems to us that these three lines 
could be explained by the very same mechanism and could belong to the 
very same system as the others. They might represent the n = 2 level 
deviating from the hydrogen-like regularity. Such behavior of low 
lying levels is not precluded from the theoretical standpoint. 

We note in conclusion that the exciton, the existence of which 
has so far been proved experimentally only in absorption of light, 
can also be evinced in fluorescence. 

However, very different conditions are required for these two 
manifestations of the exciton. The "birth" of the exciton as a re- 
sult of light absorption at some point in the crystal lattice depends 
somewhat on lattice defects. If the absorption edge is not masked by 
the effect of impurities, we need only have a sufficiently thin crys- 
tal for the exciton absorption spectrum to be evident. 

In contrast, annihilation of an exciton during emission of 
fluorescence is a rarer effect. The fluorescence is observed only 
in CdS crystals in which the concentration of lattice defects is ex- 
ceptionally low. 
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OPENING ADDRESS 
- A.N.Terenin 


Today we open the Sixth Conference on Luminescence. The importance of such 
periodic conferences, intended for exchange of information regarding research 
work being carried out in our country, cannot be overrated. 

The first and second conferences on luminescence were held in Moscow in 1944 
and 1948 under the Chairmanship of S.I.Vavilov. The third conference held in 1951 
in Moscow was dedicated to his memory. At these conferences we heard reports on 
a large number of topics, extending from the luminescence of vapors, solutions 
and crystals to synthesis of luminophors and luminescence analysis in its broad- 
est sense. 

In view of the constantly expanding scope of research in the field of lumi- 
nescence, the Commission on Luminescence of the USSR Academy of Sciences decided 
to introduce a thematic division and to hold alternate conferences on molecular 
luminescence and on crystal phosphors. 

Thus the Fourth Conference in Minsk in 1955 was devoted solely to molecular 
luminescence, while the Fifth Conference held in 1956 in Tartu was concerned with 
crystal phosphors and allied topics in the physics of semiconductors. 

The present, Sixth Conference on Luminescence, the first conference on this 
topic to meet in Leningrad, has limited its program to questions of molecular 
luminescence and luminescence analysis which has seen great development in recent 
years, particularly in the fields of biology and medicine. 

Despite the fact that the Eleventh Conference on Spectroscopy, held in De- 
cember 1957, included a number of reports on luminescence, the number of reports 
scheduled for presentation at the present conference - 117 - has broken all 
records. 

This record number of reports bears evidence of the scope of theoretical 
research in luminescence and the extent of its application in the USSR. 

Before we proceed with our work, I want to recall the name of one who made 
great contributions to the development of theoretical and practical luminescence 
in our country, the name of Sergei Ivanovich Vavilov, outstanding scientist and 
public figure, father of the Soviet school of luminescence. I request all present 
to rise in his memory. 


* * * 


By authority of the Organizing Committee I hereby declare the Sixth Confer- 
ence on Luminescence, organized by the Physical Institute of the USSR Academy of 
Sciences, the 'S.I. Vavilov" State Optical Institute and the Academy of Sciences 


of the Belorussian SSR, open. 
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CORRELATION BETWEEN THE LUMINESCENCE AND ABSORPTION SPECTRA OF COMPLEX MOLECULES 
- B. I, Stepanov 


It was shown in Ref.1 that the contour || !"of the fluorescence band of a 
complex molecule is related to the contour Y, of the long wavelength absorption 
band by the simple expression: 


Wim = DWYEEES gi 


7 = dU vie hv kl (1) 


The proportionality factors D and d depend only on temperature and excita- 
tion conditions. Relationship (1) is valid for solutions of all complex molecules 
(and a number of other condensed systems), provided certain conditions are satis- 
fied, and has a universal character. The principal necessary condition is that 
there be established an equilibrium energy distribution over the vibrational levels 
of the excited molecule well prior to the emission event. Moreover, it is assumed 
that one need not consider transitions between the vibrational levels of the elec- 
tronic grouns state. These assumptions have been widely accepted with respect to 
solutions and have been frequently used for explaining experimental facts. 

The implications of Eq.(1) are very simple, and it is expedient to repeat 
them. In previous derivations, we assumed for clarity that the entire energy of 
a molecule could be divided into two parts: vibrational and electronic. However, 
the final results are not restricted by this particular assumption and are fully 
applicable even in the case of strong coupling between the motion of the electrons 
and the vibrations of the nuclei. In the present derivation, we make no assumption 
regarding separation of the variable motions of the nuclei and electrons. 

In Fig.1, the sublevels of‘ the ground state are 
shown on the left side; the sublevels of the excited 
state are shown on the right side. The existence 
of the excited state is proved by the fact of lumi- 
nescence. In the case of infinitely strong inter- 
action between the electrons and nuclei, there is 
Sa ee | no excited state and, therefore, no luminescence. 


een ! Emission of light occurs as a result of transitions 
- from various sublevels of the excited state to dif- 
Fig.1. Diagram of energy ferent sublevels of the ground state. 
levels. The power of any emission (equilibrium or non- 
equilibrium) is described in the most general form 
by i 
Wy = hy\n" (E*) A(E’, v) dE". (2) 


Here n*(E*) is the number of excited molecules present per unit interval of 
sublevels, A (E*, v) is the probability of a spontaneous transition from sublevel E* 
of the excited state into a lower state with emission at frequency v. There is 
very little forced emission in the visible region of the spectrum and, consequently, 
it will not be taken into account. The integration is carried out from the lower 
boundary Ey of the excited state over all of its sublevels.* 

If complete thermodynamic equilibrium obtains in the system, 


*It should be borne in mind that, with strong coupling between the motions 
of the electrons and the nuclei, the lower bound Ep of the excited state can be 
very low and in general tends to zero at the limit. The properties of the excited 
levels and the probability A (H’, v) in the case of strong coupling have been treat- 
ed in Ref.3. 
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n’(E°)=C(T)ng*(E*)e 


(3) 


Here 2 is the total number of molecules and g*(/*) is the statistical weight 
of the excited state sublevels. Inserting (3) in (2), we obtain the thermal radi- 
ation power: 


pyither rad = hvC(T) ne—*- KE \ g* (E") ya | fe ye EV kT dk, (4) 


According to our initial assumption, the distribution of the molecules over 
the excited state sublevels during luminescence is described by 


n’ (E*) = C* (T) ng" (B%) eB? (5) 


Here n° is the number of excited molecules; it depends on the intensity of 
the incident light, the temperature and the properties of the molecules. Substi- 
tuting (5) in Eq.(2), we obtain the luminescence power: 


Win ... hyC (1) 2" (T ovcit, ) \ g” (") A(E*,v) e-E* TA E*. (6) 
Comparing Eqs.(6) and (4), and invoking Kirchhoff's law 


jj thes rad _ Wy (7) 
we obtain Eq. (1). 

The first verification of Eq.(1) was attempted by Kazachenko*., It did not 
achieve a decisive result. Significant results were obtained by Alentsev®, who 
wrote Eq.(1) in the form: 

bY f 


Je Fpium + 3lny = 5. = Const ~ (8) 


and utilized certain experimental data obtained in 1931 and 1935. Plotting the 
left-hand part of (8) as a function of the frequency, he obtained satisfactory 
straight lines, which indicates agreement of the theory with experiment. However, 
the values of T* determined from the slopesof plots are greater than the actual 
temperature of the medium. In view of this, Alentsev concluded that the redistri- 
bution of energy between the fluorescing molecules and the molecules of the solvent 
occurs relatively slowly and that while the molecules are in the excited state 

they transfer only a fraction of the excitation energy to the solvent. Consequent- 
ly, the excited molecules have a higher average temperature. 

Similar curves were plotted at our request by L.G,Pikulik and L.A.Kravtsov. 
Pikulik used experimental data he obtained for other purposes. In the calculations, 
no account was taken of reabsorption or of the intrinsic luminescence of the sol- 
vent in the same spectral region. Analysis shows that these factors partly compen- 
sate each other. Kravtsov made new measurements, fully allowing for reabsorption. 
Pikulik's results are shown in Fig.2 and in the accompanying table. 

Kravtsov's data are given in Fig.3". They have particular value since chloro- 
phyll and pheophytin are characterized by the strong overlapping of their absorp- 
tion and luminescence bands; this makes it possible to effect measurements at z 
large values of WiU™ and Y, thus assuring high accuracy in determining the 1 i 
ratio. 


*More detailed information is contained in L.A.Kravtsov's report to this 
Conference. 
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Substance 


4-Amino-N-methyl- 
phthalimide 


3-Monomethylamino- 
phthalimide 


3-Aminophthalimide 


4-Aminophthalimide 


2 él ae 23 


Fig.2. Verification of Eq. (8) 
of Pikulik's data (for key to 
see table). 


nly -LnW) ny 


MS i vid cw’ 


Fig.3. Verification of Eq. (8) 
on the basis of Kravtsov's 
data. Pheophytin a: 1) in 
isobutanol (T* = 620°K), 2) 
in methanol (520°K), 3) in 
ethanol (500°K), 4) in iso- 
amyl alcohol (500°K). Chloro- 
phyll: 5) chlorophyll 6 in 
ethanol (450°K), 6) chloro- 
phyll 2 in ethanol (420°). 
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Solvent Curve No. 
in Fig. 2. 


Glycerol 
Acetoacetic ester 
Ethyl benzoate 


Benzyl alcohol 
Ethyl benzoate 
Acetoacetic ester 


Benzyl alcohol 
Ethyl benzoate 
Acetoacetic ester 


=) 
Oo DON £hUON ODF 


Glycerol 


It follows from Figs.2 and 3 
that the left side of Eq.(8) is 
satisfactorily represented by 

9 straight lines; this substantiates 
the validity of Eq.(1). The absorp- 
tion and emission bands of chloro- 
phyll and pheophytin are compara- 
tively narrow and hence the contri- 
bution of the 3 Inv term in Eq. (8) 
is relatively minor and can be neg- 
lected. On the contrary, the bands 
of phthalimides are very broad and 

24 v0? cw! Eqs. (8) and (1) no longer hold if 


on the basis the 3ln v term in Eq. (8) or the fac- 
curve numbers tor in front of v? in Eq.(1) is dis- 
regarded. 


As can be seen from the curves and from the 
table, the value of the temperature T*¥ calculated 
from the slope of the straight lines (8) corresponds 
in some cases to the experimental temperature (the 
uncertainty in calculating T* is <20°). In these 
cases, the initial assumption as to equilibrium dis- 
tribution is rigorously fulfilled. In nost cases, 
however, T* > T. The value of T* depends both on 
the type of the molecule and on the. type of solvent. 
It sometimes attains 620°. According to prelimin- 
ary data, the value of (T* - T) also depends on 
the temperature of the experiment. 

Thus, Alentsev's inference regarding the ab- 
sence of complete equilibrium between the degrees 
of freedom of the excited molecules and the mole- 
cules of the solvent has been substantiated by new 
experimental data. In many cases, the “intrinsic” 
temperature of the excited molecules is higher than 
the temperature of the solvent. The concept of the 
"intrinsic" temperature of excited molecules, which 
is realized as a consequence of the interaction of 
varying degrees of freedom within the luminescent 
molecules, among the luminescent molecules, and 
also between them and the solvent, and the formation 


5100 5300 5500 5700 


8000 vow 
Fig.4. Fluorescence of pure CdS 
at 20°K: 1 - single crystal ob- 
tained by synthesis from gase- 
ous phase, 12 min exposure; 

2 - single crystal obtained by 
sublimation at 1150°C after 6 
months aging, 3 hrs exposure; 

3 - complex spectrum of crystal 
obtained by synthesis from the 
gaseous phase, showing peaks be- 
longing to the first and second 
series. 


relative intensity of the peaks, 
2) the yield, and 
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pared by synthesis from the gase- 
ous phase. This was also noted by 
Furlong!3 In Fig.4 we show the 
complex spectral distribution curve 
for the fluorescence of such a sam- 
ple. For comparison, we also give 
the curves comprising the first and 
second series peaks. It can be 
seen that the peaks of both series 
are represented in the complex 
curve. 

As we see, study of the low tem- 
perature green fluorescence of the 
first five samples of pure cadmium 
sulfide prepared by different pro- 
cedures yields an answer to the 
question whether the mechanism of 
the green fluorescence is or is not 
localized in the lattice. Depending 
on the preparation procedure and 
the age of the crystals, very sig- 
nificant differences are evinced in 
the green fluorescence. The fluo- 
rescence spectra differ as regards 

1) the nature of the band struc- 
ture: the separation, number and 


3) the location of the structure peaks which tend to form two 


series. 


Each series may be observed separately in different spectra 


or both exist together in the spectra of some. crystals. 


These variations can only be explained 


by assuming that the 


emission of green fluorescence is localized at discrete luminescence 


centers formed by individual lattice defects. 

As has already been noted by several authors, the 309 em-1l spac- 
ing between the peaks (of both series) can be associated with lattice 
vibrations. 

The existence of two series of peaks (Fig.5), in each of which 
the spacing is about 300 cm- leads us to infer the existence of two 
kinds of luminescence centers, and, consequently, to the hypothesis 
that there are two kinds of lattice defects connected with lattice 
vibrations. The energy levels of these defects rise above the top 
of the valence band only at temperatures below 100°K. 


parison of the 20°k fluores- 
cence spe etra of pure CdS crystals ob- 
tained under different conditions: A - 
Sample No.3 (1 and 2 are for two diffe- 
rent crystals prepared at the same time); 
B - Sample No.4; C - Sample No.5 (1 - 
immediately after preparation, 2 - after 
6 months aging); D - Sample No.1; 

cur! E - Sample No.2; F - Sample No.6. 


Fig.5. Com 
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(during the interval t<T) of an equilibrium distribution over the sublevels of 
the excited state, undoubtedly has physical meaning. Otherwise, Eqs.(1) and (8) 
would not be valid and the left-hand part of Eq. (8) would not be represented by 
straight-line plots. 


For the T* > T case, Alentsev® proposed a more general equation in place of 
Eq. (1), namely, 


WIM (T) = dU, (T*Ve ane (9) 


Eq.(9) is easy to derive. If the "intrinsic" temperature of the excited 
molecules T* is higher than T, we must substitute T* for T in Eq.(6). The expres- 
sions under the integral in Eqs.(6) and (4) are equal if wther. rad. is calculated 
at T= T*. The absorption capacity YJ, must be measured at this same temperature. 
Then Eq.(9), instead of (8), gives us 


a Gio je 
nl iam (7) +3inv= Epes + const. Ge 


To verify Eq.(9), we must insert the value of Y, at the temperature T* into 
Eq. (10). We tried to carry out the calculation for pheophytin, measuring wium 
at room temperature and J, at the temperature deduced from the slope of the 
straight line plot given by the part of Eq.(8) on the left. The straight line 
obtained from Eq.(10) lay somewhat higher, but it had the same slope (dashed line 
in Fig.3). 

The inequality T* # T observed experimentally in some cases by no means neg- 
ates the fundamental relation (1). It will be recalled that this relation was 
formulated only for those systems for which certain specified conditions obtain, 
particularly the condition of equilibrium between the excited molecules and the 
surrounding medium. Violation of Eq.(1) in any specific experimental case only 
means that these necessary conditions are not being satisfied. Thus, Eq. (1) 
may serve as a criterion to indicate whether an equilibrium distribution over the 
levels of the excited molecules has been attained. The value of (T* - T) is a 
measure of the degree of interaction with the solvent and the rate of transfer of 
the excess energy. 

The question of whether Eq.(9) or (1) is applicable to the vapor of a fluor- 
escing substance calls for special consideration. Neporent / showed experimentally 
that in some cases the same increase in the energy of excited molecules by opti- 
cal or thermal means led to the same effect (decreased yield or reduction of T). 
This is correct despite the undoubted difference in the energy level distribution 
function for the excited molecules. As a result, Neporent was able to set up an 
original optical procedure for determining the specific heat of complex molecules. 
Relation (9) should be applicable precisely to such cases. The average "intrinsic 
temperature of the excited molecules in a vapor is defined by 

Wvexe — hy = C.(T" —T). (11) 

Relation (9) may be used together with Eq.(11) for the experimental determin- 
ation. of 0. 

The inequality T* 4 T, observed experimentally for some solutions, should be 
accompanied by certain consequences or effects susceptible of experimental detec- 
tion. It is natural to assume that the value of T* may depend on the frequency 
of the exciting light, especially if (T* - T) is sufficiently large. This, in 
its turn, can be accompanied by excitation frequency-dependence of both the quan- 
tum efficiency of the luminescence and the shape of the band. Such dependences 
have not been observed as yet, and special experiments may be necessary to detect 
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them. It is doubtful whether one should search for these dependences at large 
values of (Vexc - Ve) (€ = electronic), since energy transfer to the medium will 
take place more intensively at large excesses of vibrational energy. The depend- 
ences would most likely be observed at values of Yexo close to y.. 
Dependence of the luminescence spectra of solutions on the frequency of the 
exciting radiation was detected® in the anti-Stokes region with Vv iy es Bed 
explaining this effect, Neporent & Borisovich hypothesize that the deftoleney in 
the vibrational energy of the excited molecules is not made up by energy transfer 
from the solvent. This leads to shifting the bands. One may assume that in this 
case, too, an equilibrium distribution over the vibrational levels is attained, 


but with T* <T. Preliminary calculations support the assumption that Eq.(9) is 
also applicable in this case. 


Institute of Physics and Mathematics 
Academy of Sciences of thie Belorussian SSR 
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CORRELATION BETWEEN LUMINESCENCE AND ABSORPTION SPECTRA OF POLYATOMIC MOLECULES 
- B.S.Neporent 


= 


The shape of the spectral bands of complex organic molecules and the correla- 
tion between the other attributes of their absorption and fluorescence spectra 
have been the subjects of many investigations, some of which have been reviewed 
briefly in Ref.l1. It is sufficient here to note that the problem has been treated 
on the basis of the one- or two-dimensional models of the potential curves for 
the potential energy by comparing the probabilities of direct and reverse "ele- 
mentary’ transitions between various vibrational levels of molecules in the normal 
or excited electronic states2-6, and also by summing these elementary transitions 
(Refs.7-9). Stepanov? showed that the fluorescence spectrum is proportional to 
the thermal radiation spectrum of the system, multiplied by a factor depending on 
the temperature and conditions of excitation. The relationships were obtained 
assuming an equilibrium distribution of normal and excited molecules with respect 
to vibrational energy, and assuming the absence of absorption not accompanied by 
electronic excitation of molecules. 

In my opinion the problem of the general relationship between molecular ab- 
sorption and luminescence spectra should be solved by a procedure which was logi- 
cally the reverse of that employed by Stepanov?, namely, that one should start by 
defining the relationships between the absorption and emission spectra of a system 
in the state of thermal equilibriun. 

Proceeding by analogy with the usual treatment of systems with narrow levels, 
we can readily deduce the relationships between the absorption and emissive ca- 
pacities of the molecules under consideration; these relationships can then be 
used for investigating non-equilibrium processes, for example, luminescence, pro- 
vided the conditions formulated by Stepanov? and by the writer are satisfied. 
This is the approach essayed in Ref.10. 
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To start, let us consider a simple system having two electronic states, a 
ground state I and an excited state II (Fig.1). To characterize the densities, 
we introduce mean values of the Einstein coefficients A, and B, and use n and n* 
to denote the equilibrium concentrations of the molecules in states I and II, re- 
spectively. We can then write the equilibrium condition in the form 


n° A, = nBU,, (1) 


where U, is the spectral density of the equilibrium radiation, which we express 
by the Wein formula, bearing in mind that hvS=k7. It will be noted that we neg- 


lect forced emission. 
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The ratio n/n* for equilibrium concentrations is uniquely determined by the 
separation hy; between the levels of the electronic states I and II and by the 
multiplicities of these states, which, for the sake of simplicity, we shall pro- 
visionally consider to be equal, allowing for the possibility of introducing ap- 


propriate corrections later. Obviously, 


n ef 
> i evi kT 


and the relation of interest to us can be written in the form 


h 
a icp “1-”) 
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2 
VB, = 

We can readily convert from the mean probabilities B, and A, to experimental- 
ly determined quantities by means of the relations 


, 
iy 


ae rH 
~ VB, = sy and A, = — 


where s, is the molecular absorption coefficient, y, is the spectral density of 
the quantum yield, and ~ is the experimentally measured lifetime of the excited 
state. 

We note that although the values of y, and ~’ are determined experimentally 
in many current studies, there is no need to do so since the absorption spectra 
can be measured in relative units /, of the quantum luminescence intensity, 
normalizing the area under the spectral curve so that it equals the area under 
the vc, curve. The necessity for this choice of “scale” has been proved in Ref. 
10 and established experimentally for diverse molecular spectra in the paper by 
the writer and Bakhshievll. As a result, Eq.(2) can be written as: 


, 


I — —— (VV v 
SS hie Bee (3) 


If the spectra are normalized with respect to area, Eq.(3) contains no 
numerical coefficients. The generally employed procedure of normalizing absorp- 
tion and fluorescence spectra with respect to the maxima of the spectral curves 
is erroneous, as is also the general practice of expressing them in units of 
e, and J, (or s, and £,~v/,). This last has been noted by Blokhintsev’, 


Férster® and Stepanov”, who proposed using the quantities /,/,y? and ¢<,/y , which 
are proportional to #,, for characterizing the spectra. It should be noted that 
there is no basis for giving preference to the «/,»(/,/v*, ¢,/v) system over the 


«Ay (/,, ve) system. Finally, from the standpoint of practical utility, we should 
also consider the - «<,»(/,/v?, ¢,) system. 

We emphasize that with correct normalization with respect to area, the spec- 
tral curves in any system of tnits should intersect at a point corresponding to 
the frequency v=». Here the frequency »; equals the electronic transition fre- 
quency y, only in the idealized case pictured in Fig.1. In the general case of 


_the scheme proposed in Refs.1 & 12 and diagramed in Fig.2, the frequency » is 


associated with the separation between the IA and IIB levels, if the correspond- 
ing electronic states of the molecules under study are stable under the given 
experimental conditions. We shall return to a discussion of the level diagrams 
of Figs.1 and 2 below. oie 
Attention should be directed to the fact that Stepanov & Kazachenko”» do 
not consider the necessity of normalizing the spectral curves, and do not give 
a procedure for such normalization. Consequently, the attempt made in Ref.13 
to check the relationships between the spectra based on available experimental 
data is faulty in that section which pertains to spectra devoid of mirror sym- 


metry. 
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Turning to the problem of the symmetry of absorption and luminescence spec- 
tra, we note that the shapes of the spectra and the relation between them should 
differ somewhat even in the «Ad,» and «8, unit "physical" systems and, consequent- 
ly, our concepts as to the correlation between the shape and symmetry of absorp- 
tion and luminescence spectra become somewhat arbitrary. 

Let us consider symmetry relations in the «B, representation. For simpli- 


P| bad 8 Ay 
city, we introduce the quantity By = gS. The symmetry condition (Fig.3) can 
evidently be written 


By,xav = Brix ay (4) 


Substituting the values of B; and By into this equation, and bearing in mind 
that if g<v—v, then B(q, v)=0, and if g*<y—vy;, then B*(q’, vy) =0, it is easy to 
obtain the symmetry condition formulated some time ago by Levshin? (see Ref.10): 

; B*(q°, v- Ay) = B(q, v-+ Ay); 
6° (9°) = 0 (9)a=a")) 
according to which, for each value of Av (Fig.3) the probability of direct and 
reverse transitions having mirror symmetry should be equal, and the distribution 
functions o°(qg") and p (gq) of the mole- 
cules with respect to vibrational 
Vhs 8, levels should also be identically 
| equal. We note that these conditions 
are fulfilled either with complete 
identity for both electronic states 
of the sets of normal vibrations or 
with such strong coupling of these 
avidv ¥ vibrations that their specific pro- 


(5) 


% perties disappear and we are dealing 
Fig.3 essentially with complex molecules 


possessing modulation spectra, rather 
than with simple polyatomic molecules. On this basis, we showed that spectra 
with mirror symmetry represent a limiting case (regularity). 


ae 
We showed! 4 that mirror-symmetrical modulation spectra are characteristic 
of molecules which occupy a median position in a series of related compounds 
(specifically, phthalimide derivatives), having progressively more complex struc- 
tures, and that further advance within this series, which is associated with a 
corresponding enhancement of the intramolecular interactions, leads to the forma- 
tion of spectra of a new type which have different width relationships, and which 
we called "attenuation spectra’. A review of further investigations of molecules 
having spectra of this type is given in Refs.12 andl, together with a discussion 
of how they are formed. 


The proposal that spectra of complex molecules sho 7 : 
categories is contradicted in the work of Kazachenko & Stepanov-’, who, having 
converted the spectra of several of the compounds in the series of 12 phthali- 
mide derivatives we investigated!4 to the «BoU,/v', e/v) system, showed that, 
naturally, all of the spectra here varied in shape somewhat, and that mirror 
symmetry was more completely realized for the 9th member rather than for the 
5-7th members of the series. Moreover, in the opinion of these authors, the 


uld be divided into two 
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change in the shape of the spectra violates the width relationship established 
in Ref.5 for attenuation spectra. Kazachenko & Stepanov propose explaining all 
the spectral relationships by using an appropriate selection of the potential 
energy curves based on the generalized vibrational coordinate model originally 
introduced by the writer.° 

Some points made by Kazachenko & Stepanov!3 appear ill founded to US. TIFse, 
treatment of the spectra using potential curves in the form presented in Ref. 13 
seems to be more of a procedure for describing rather than for interpreting the 
effect; second, proper comment as to the disturbance of mirror symmetry in the 
spectra of certain substances (for 3-aminophthalimide this agrees with the re- 
sults of the study by the writer and Klochkov!® on the absorption spectra of this 
substance) does not invalidate the conclusion presented in our papers, since the 
median position of the compounds with mirror-symmetrical spectra in the series 
under consideration is preserved in all systems of units. Finally, the width 
relationship Av=kvmax for attenuation spectra, is retained to some extent in 
all systems of units; this is confirmed by the results of conversions for 3,6- 
-~tetramethyldiaminophthalimide, as given in the Table.* 


Half-widths of the spectra of two phthalimide derivatives 
in different representations 


Avy, cm~? k=Avjv2 mu 


3-aminophthalimide 


Vapor 4500 ; 3900 | 4200 | 3900 | 4000 | 4200 
Solvents: : | 
ether 4500 | 3600 | 4300 | 3900 | 4000 | 3900 
Xylene 4400 | 3600 | 4200 | 3600 | 4000 | 3800 
Dioxane 4100 | 3600 | 3900 | 3700 | 3600 | 3900 |. 
Water 4400 | 3800 | 4400 | 3900 | 3900 | 4100 


3,6-tetramethyldiaminophthali mide 


Vapor | 3300 } 5000 } 3000 | 47CO | 3200 } 5000; 92) 89 | 87) 88 | 88| 91 
Solvents: 
Eiher | 3000 4000 | 3200 | 41¢0 | 4900 | 4800 | 104} 87 | 97 | 88 | 87 | 90 
Xylene | 3400 | 3900 | 3100 | 3900 | 2700 | 4200 | 105] 86 | 99 | 86 | 84 | 91 
Dioxane 3400 | 4100 | 3200 | 4200 | 2800 | 4400 | 102] 90 |102 | 91 | 92 | 93 
Water 2900 | 5100 | 2700 | 5200 |! 2700 | 5100-| 100] 93 | 93 | 95 | 92 | 89 


It can be readily seen that the values of the constant k for each group of 
spectra remain approximately the same for the vapor and for solutions in differ- 
ent solvents, but that the values of this constant are not equal for the absorp- 
tion and fluorescence spectra in the A, and #, representations. In this connec- 
tion, it should be noted that an explanation of this equality by means of the 
concepts developed in Ref.12 would involve introducing additional hypotheses. 

The data and discussion presented confirm the fact that the differences 
noted!,2,14 in the spectra persist in all the representations (systems of units) 
and, consequently, they, together with other differences between molecules char- 
acterized by other spectroscopic relationships, should serve as the basis for 
further investigations. As noted earlier!, the ideas presented in Refs.12 and 
1 as to the origin of each type of spectrum cannot be regarded as the final solu- 
tion of the problem. Nevertheless, these ideas do allow of drawing certain 

*More detailed data for all of the substances will be published in the 
near future. 
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deductions regarding the correlations between the spectra and the nature of inter- 
molecular interaction. Among these results, we regard as important the conclu- 
sion that one must take into account the interdependence between the electronic 
states and nuclear structures in the case of complex molecules and, consequently, 
the "relaxation" of the molecular core and of the electron cloud after an electron 
transition; all this leads to a system of electronic states characterized by the 
four-level diagram of Fig.2. In this scheme, degeneration of this arrangement in- 
to one with two levels (Fig.1) represents a special case for complex molecules in 
the same way as exact mirror-symmetry of the spectra. 

Actual complex molecules have a system of electronic states of the Fig.2 type, 
differing to a greater or lesser degree from the idealized Fig.1 system generally 
utilized at the present time. So far we do not know the limiting form of coupling 
between the levels of Fig.2; up to the present, the experimentally detected limit- 
ing case is that of the above mentioned spectra described by the relation Av= 
=kv',4x- An analysis of the width relationships in absorption and fluorescence 
spectra should serve for determining the characteristics of the level system; . 
further studies should show to what extent the widths of typical attenuation spec- 
tra are determined by the rate of relaxation of a molecular system after an elec- 
tron transition. In some cases, the Fig.2 arrangement of levels may also be ap- 
plicable to molecules having modulation spectra. 
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RELATION BETWEEN THE LUMINESCENCE AND ABSORPTION SPECTRA 
OF AN AQUEOUS SOLUTION: OF FLUORESCEIN 
- M.N.Alentsev and L.A, Pakhomycheva 


Stepanov obtained the following theoretical relation between the lumines- 
cence and absorption spectra of complex molecules: 
v Gal Tr 

fe es d(T) v8e—AvikT , (1) 


v 


4 


This formula was deduced on the assumption that between the absorption event 
and the emission there is established an equilibrium distribution of the molecules 
over the range of vibrational energy values of the excited electronic state, ap- 
propriate to the temperature of the mediun. 

In a previous contribution? one of the present authors attempted to verify 
Eq. (1) on the basis of certain absorption and luminescence data in the literature. 
This was done by computing and plotting the values of Fy, = 3 Inv - ln (W,/x,) 
as a function of the frequency y. If the relation (1) is valid, the plot should 
be a straight line, the slope of which should give the temperature T. 

The plots obtained actually were straight lines; however, in most cases the 
temperature T, calculated from the slopes was found to be higher than the experi- 
mental temperature T, not only in the case of vapors but also for luminescent solu- 
tions, where intimate contact with the medium should promote the rapid loss of the 
excess vibrational energy by the excited molecules. 

However, it should be noted that the overlapping of the luminescence and ab- 
sorption spectra, within the range in which they can be compared, is not large, 
and in general authors, whose data we utilized, did not specifically aim at ob- 
taining high accuracy at the limits of the spectra. 

Consequently, we felt it would be of interest to perform special measurements 
over as wide an interval of frequencies as possible, in order to see how extensive 
the noted difference between T and T, actually is. 

For our work we used solutions of fluorescein in water, containing 1% NaOH 
by weight. The basic measurements were performed with a fluorescein concentration 
ce of 5-10-76 g/cm, at which the correction for reabsorption of the luminescence 
is small. Additional measurements were performed at a concentration of 1074 e/em? 
in order to evaluate the effect of reabsorption on the experimental results. 

The Hg 436 mz line was used for excitation. The cell thickness used in study- 
ing the luminescence spectra was 0.5 cm. The absorption spectra were recorded 
with cells of varying thickness - up to 10 cn. 5 : 

The results are presented in Fig.1. As may be seen, at the 5-107” g/cm* con- 
centration, the v dependence of /, remains linear over 1 to 10° range in the mag- 
nitude of /, (curve 1). The temperature T, determined from the slope of the 
straight line is 305°K, which agrees well with the experimental value of T = 297K. 

In the case of the 107-4 g/em? concentration data, the temperature T, calcu- 
lated from the slope of the line obtained without correcting for reabsorption 
(line 2) was 278°K, while a value of 322°K was deduced from the slope of line 3, 
which was obtained after correction for reabsorption, on the assumption that the 
secondary absorption is wholly inactive.? This indicates that the reabsorbed . 
radiation is not entirely lost, i.e., that some of it stimulates further emission. 

Thus, one can safely assert that in the given case an equilibrium energy dis- 
tribution of the molecules over the excited electronic levels is established prior 
to the emission of luminescence. 

We also felt it would be of interest to determine whether the molecular vibra- 
tional energy distributions over the upper and lower (ground) electronic states 


. chint 4 mirror 
were similar. In case they are similar, as was first noted by Blokhintsev", mirro 
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Fig.l. Variation of dyi= 3Iny — In— with V: 1) c = 5*10-6 g/cm3, T) = 305°K; 2) 


v 


ce = 10-4 g/cm3, without correction for reabsorption, T) = 278°K; 3) c = 107% g/cm3, 


corrected for reabsorption; T, = 322°K. 
Fig.2. Absorption and luminescence spectra of aqueous fluorescein solu- 
tuions: c = 5*107§ g/cm3; Vol = 19.9°103 cm71 


symmetry should be observed between the functions JWV,/v' and «,/v expressed in the 
Y scale. The pertinent data are given in Fig.2, from which it follows that close 
symmetry does obtain. 

We plan to carry out similar experiments on other substances in order to es- 
tablish whether Eq.(1) is universally applicable. 


"P.N. Lebedev" Physical Institute, 
Academy of Sciences of the USSR 
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Discussion following the reports of B,I.Stepanov, B.S.Neporent and 
M.N.Alentsev & L.A. Pakhomycheva 
(ESE eth che Al al eel ah lteter Rahn Alt 


M.N.Alentsev: I would like to suggest another derivation for the relation- 
ship obtained by Stepanov. 

We first consider a luminescent substance, for example, an elementary volume 
under conditions of thermodynamic equilibrium with black body radiation for the 
temperature T. In this case, two conditions which are compulsory for any body 
including luminescent materials, must be fulfilled: first, the emission from the 
given volume, which in this case will be thermal radiation, must obey Kirchoff's 


law, 


iia 
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whe P= We7 ; 
and, second, the distribution of the molecules with respect to their energy E 
must be described by the Boltzmann statistical formula: 


dn (E) = Dp (E) e~*'*" de. 


We now turn to luminescence, i.e., to the case when the number of molecules 
in the excited electronic state exceeds the equilibrium number. We assume that 
by the instant of emisson of luminescence there is established a relative energy 
distribution of the molecules over the levels of the excited electronic state, 
describable by the same Boltzmann formula (naturally, with a different normaliz- 
ing factor D'). 

Since with no forced emission and no interaction of the excited molecules 
with one another, the energy ratios at the individual frequencies of the lumines- 
cence spectrum are determined only by the energy distribution of the molecules 
over the levels of the excited state and by the corresponding transition proba- 
bilities (which depend only on the properties of the molecules themselves and not 
their numbers), the luminescence spectrum under these conditions should be similar 
to the thermal radiation spectrum, i.e., 

ian a Bat 

It seems to me, that it is easier to see from this derivation that fulfil- 
ment of the Stepanov relationship only indicates establishment in the excited 
state of an equilibrium distribution of the molecules with respect to the values 
of vibrational energy determined by the test temperature, and, on the contrary, 
if this relationship does not hold, this simply means that either the equilibrium 
distribution has not been attained by the instant of emission or that the distri- 
bution differs from that for T. 

B.S.Neporent: It is significant that the very careful measurements of Alent- 
sev & Pakhomycheva led to calculated temperatures in close agreement with average 
experimental values. It would be hard to agree with the assumption that excited 
molecules in solutions do not have time to reach thermal equilibrium with the 
medium before emission. This assumption is in conflict with the experimental data 
on the rate of transfer of vibrational energy, and, moreover, cannot explain the 
divergences observed in certain investigations. 
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ON THE MEANING OF PHOTOLUMINESCENCE AND SCATTERING 
- B. I. Stepanov & P.A, Apanasevich 


The incidence of radiation on matter results in secondary emission which, 
depending on its properties, is classified as scattering or photoluminescence. 

At present the distinction between luminescence and scattering is usually made 
on the basis of the persistence criterion proposed by S.I.Vavilov. According 
to this criterion, luminescence possesses a noticeably afterglow and can be 
quenched, whereas scattering is unquenchable and has no afterglow. 

Application of the persistence criterion made it possible to elucidate the 
nature of the Vavilov-Cerenkov effect and of the so-called universal blue emis- 
Sion. This criterion is also widely used for distinguishing between luminescence 
and the Raman effect. It must be noted, however, that the persistence criterion 
is purely empirical and as yet has not been validated theoretically. In a number 
of cases serious difficulties are encountered in attempting to apply this criteri- 
on. An obvious example is furnished by attempts to classify resonance radiation 
of atoms and simple molecules. Some authors call this emission "resonance fluor- 
scence", while others refer to it as "resonance scattering". Use of the term 
"resonance radiation" itself is designed to emphasize the specific character of 
this type of secondary emission. Resonance radiation of rarified vapors is readi- 
ly quenched by extraneous gases and in this respect is reminiscent of fluores- 
cence. At the same time with increase in the pressure of the luminous vapor the 
resonance radiation gradually transforms into mirror reflection which is a speci- 
al case of scattering. 

Clearly, there is need for detailed theoretical investigation of the process 
of transformation of light by matter, i.e., of the process of weakening or com- 
plete disappearance of the incident radiation accompanied by the appearance of 
new secondary emission. The properties of this secondary irradiation must be 
intimately associated with the character of the transformation process; that is, 
the difference between scattering and photoluminescence must be defined in a man- 
ner consistent with the difference between the mechanisms of interaction of light 
with matter involved. 

Actually scattering and photoluminescence are different, often complementary 
aspects or parts of the same process of transformation of light by matter. [In 
present day theories, however, luminescence, scattering and the Raman effect are 
considered separately, often on the basis of different models or approximations. 
In classical electrodynamics scattering and resonance radiation are regarded as 
emission of light due to forced oscillations of an electric dipole. Both cease 
when the stimulating radiation is cut off. After this there begin free, gradual- 
ly damped vibrations of the dipole, accompanied by afterglow which is classified 
as luminescence. Luminescence under steady state conditions is not described 
at all in the classical theory. Quantum mechanics treats only forced processes 
and does not consistently describe spontaneous emission. From the standpoint of 
quantum electrodynamics, luminescence is usually treated on the basis of the first 
approximation of the theory of interaction of an electromagnetic field with mat- 
ter as a spontaneously decaying one-photon emission process. At the same time, 
scattering (as well as resonance radiation) is treated as a two-photon process 
on the basis of the second approximation of this theory. 

Fluorescence in the steady state is also a typical two-photon process, a 
process involving the disappearance of one photon and the appearance of another 
photon, and from this standpoint is undoubtedly akin to scattering. 

Let us turn first to the results of classical theory. For some obscure 
reason, until now no one has noted that the deductions of classical theory are 
in direct conflict with the classification based on the persistence criterion. 
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Yet the results of quantum electrodynamics as regards scattering are analogous 
to the results of classical electrodynamics and, consequently, it must be infer- 
red that the latter correctly picture reality. In classical theory, we consider 
the oscillations of a dipole, described by the familiar equation: 


ee Qur -|- wr Ra Ene, a) 
where m 

t te ode + Ytr? 
here 


yl S e2a" 
em  3mc3° (2) 


Under steady state conditions a dipole, set in forced oscillation with the 
frequency of the incident radiation, emits secondary radiation with an intensity 


8x e! oT» (@) 


3 mc te 9 1 7..9. 9 ~ 
COI 1 a i al 


! em (@) 


(3) 


This is forced radiation and is treated by all authors as scattering. The absorp- 
tion is given by 


I (@) 
a bs (cw? Ss w-)* oe 4-20)" (4) 


me 


The relative yield or efficiency, i.e., the ratio of the emitted to the ab- 
sorbed energy, is 
bon (a) vel 


a ‘em 


me labs (@) hi vol + Yty ; (5) 
‘em 


The ratio equals unity (100% efficiency) only in the absence of processes 
involving transfer of energy to the surrounding medium, i.e., energy loss. In- 
crease of Yé-is for example, by the introduction of an extraneous gas or increase 
in the number of collisions leads to decrease of the efficiency and, consequently, 
to quenching of the scattering. 

Such quenching of scattering undoubtedly exists but in practice is usually 
masked by the persisting high level of emission. Fig.l shows the variation of 
the emission intensity with the frequency w for two values of ‘tr: If the fre- 
quency of the irradiating light differs greatly from the natural frequency wo 
of the dipole, the intensity of the scattered light is independent of y,,. De- 
crease of the emission yield with increase of y;, is connected not with decrease 
of the emission intensity, but with increase of the absorption owing to broaden- 
ing of the absorption line. In the w~W%,region, i.e., for resonance radiation, 
increase of Ytr is accompanied by decrease of both the emission intensity and 
its yield. 

It must be noted that, according to classical theory, the steady state emis- 
sion spectrum (scattering spectrum) depends substantially on the spectral compo- 
sition of the irradiating light. If the irradiating line is very narrow, the 
contours of the emission line and the irradiation line coincide. Obviously, dif- 
ferent scattering lines will have different intensities (Fig.2). If the irradia- 
tion is realized with a continuum, there appears in the secondary emission spec- 
trum a line (or band), the contour of which is determined exclusively by the pro- 
perties of the dipole and is described by the dispersion formula (3) with Ip) = 
= const. (Fig.2); however, in this case, too, there is realized the same type of 
transformation of light. Separating the irradiating light into narrow spectral 
bands, one finds that each of them is transformed with retention of its specific 


frequency and contour (but with changes in intensity). 
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Fig.1. Variation of the intensity of 

emission (solid lines) and absorption I(w) 

(dashed lines) of light of frequency , ‘ 
with 1) y,, = 0, 2) Neu Ost) -Y,5 0 Ve ‘ 


we? 

Fig.2. Relation between the contours “fl x 
and absorption of the lines of the et 

secondary and the primary light. w 


According to classical theory, after cessation of irradiation there always 
exists an afterglow whose intensity Iaft varies with the frequency w and time t. 
The integral intensities are given by 

; * 
\ laft (@, t) dw -~ e—2V(t-t); 
0 
(6) 
4 


~~ (@— @)* + 7 


\ Taft (c,¢) dt 
t, 


The duration of this afterglow is of the usual order of magnitude character- 
istic of fluorescence (with y,,=0, T¥ 10-8 sec). The persistence does not de- 
pend on the excitation conditions. In the general case, however, the afterglow 
spectrum differs radically from the spectrum of the irradiating light: it con- 
sists of the intrinsic line of the dipole with the contour given by (6). In case 
of irradiation far from resonance, at the instant of cessation there occurs a 
sharp change in the emission spectrum which is evinced by the absence of after- 
glow. The spectral composition of the secondary emission under steady state con- 
ditions coincides with the spectral composition of the afterglow only in the case 
of resonance irradiation by a continuous spectrum. In this case the properties 
of the secondary emission are fully reminiscent of the properties of fluorescence, 
although actually the effect differs in no way from secondary emission in the ab- 
sence of resonance, naturally treated as scattering. 

Thus, if we assume that the classical theory of forced emission of a dipole 
correctly pictures the principal characteristics of scattering and resonance radi- 
ation, the persistence criterion (quenching) cannot be utilized for classification 
of the secondary emission; as we noted, forced emission a) is quenched and b) may 
be accompanied by more or less prolonged afterglow. 

The same deduction follows from quantum electrodynamics. In addition to Ray- 
leigh scattering and resonance radiation, quantum electrodynamics makes it possi- 
ble to consider jointly all the other variants of secondary emission (photolumi- 
nescence and Raman scattering) and hence allows of consecutive solution of the 


problem of classification. 
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In quantum electrodynamics the behavior of a System consisting of matter and 


an electromagnetic field is described by the wave function satisfying the 
Schrédinger equation: 


(7) 
where Hj and Hg are the Hamiltonians of the substance and the field and U is the 
interaction operator. 


Expanding ‘Y in terms of the eigenfunctions of the substance and the field, 
one can write Eq.(7) in the form:1} 
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here the cin,) are the wave function expansion coefficients, the (P,);; and W;; 
are the matrix elements of the optical and nonoptical transitions, respectively, 
and the 7, are the numbers of photons. 

Eqs.(8) describe the interaction of the electromagnetic field with the sub- 
stance (matter). Solving these under different assumptions corresponding to dif- 
ferent experimental conditions, one can comprehensively investigate the transform- 
ation of light. Extant solutions are not suitable for this purpose inasmuch as 
they treat the different variants of secondary emission separately and do not 
take into account the specific nature of the experimental problem involved. For 
example, Weisskopf's solution, which can be found in a number of monographs and 
has been widely used in different investigations, is a decaying one, i.e., does 
not correspond to the steady state conditions usually realized in experiments. 

In order to determine the principal characteristics of transformation of light 
one must find a solution of Eqs.(8) for the steady irradiation state when n,= 7° 
and Jeiin,))? = a: are constant, and then for after cessation of irradiation when 

Ny —(Q and Cito) = est 

As will be evident from Eqs.(8), at least two transitions of the system are 
involved in each transformation event: a transition to an intermediate state, 
accompanied by the disappearance of the incident photon w’ and a transition from 
this or some other intermediate state to the final state leading to the appear- 
ance of a new photon w". 

These transitions may follow each other promptly or may be separated from 
one another by intermediate (optical or nonoptical) transitions leading to re- 
distribution of the light transforming system over the excited levels. In com- 
plex molecules such processes may be redistribution of the vibrational energy 
over individual degrees of freedom. According to the number of such intermediate 
transitions, the complex process of transformation may be subdivided into partial 
processes!, the attributes of which are readily determined on the basis of Eqs. (8). 

The transformation of light occurring without participation of intermediate 
transitions is described by the expression 
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where /;.;(’—-w”") is the intensity of the secondary emission resulting from the 
transition /—-/ under the influence of the incident radiation /,(w’). The quantity 
24, represents the probability of the light transforming system leaving state hk. 
It consists of the probability 2y,” of transitions with emission of light, the 
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Fig.3. Transformation of light in the case of irradiation by a narrow line. 
-Fig.4. Transformation of light in the case of resonance irradiation 
with a wide line. 


probability 2y,t of radiationless transitions and the probability 2y/*‘ of re- 
distribution. 

With i=j/, Eq.(9) describes the transformation of light without change of 
frequency (m =”). This secondary emission has the attributes discussed above 
in connection with the classical dipole (Figs.1 & 2). Expression (9) differs 
from (3) only as regards the model assumed for the matter interacting with the 
field. In the case of an harmonic oscillator, these formulas become identical, 
(yee = 0; i =y,,)- Hence the radiation described by Eq.(9), with i=/, just 
as the emission of a classical dipole, should be regarded as scattering of light. 
With :--/7, the secondary emission described by (9) possesses Raman frequencies; 


@” = Ww — (jj. 


It also consists of lines, the positions and contours of which depend on the 
spectral composition of the radiating light (Figs.3 & 4). Essentially this is 
the Raman effect. 

The quantum efficiency of this process of transformation of light is given 
by 

Bees —-—5r (10) 


where Y,,,Y;) and ¥», are the respective probabilities averaged over all k. 
The transformation of light occurring with the participation of only one 
intermediate transition is described by 
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Its quantum efficiency is 
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It is evident from (11) that this part of the emission is a conjunction of 
the natural lines of the substance, the positions and contours of which do not de- 
pend on the irradiation conditions. Only the value of (, which is closely associ- 
ated with the level population /, depends on the frequency and intensity of the 


exciting radiation. 
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In contrast to the radiation characterized by (9), for which far from reson- 
ance decrease of By does not involve any change in the emission intensity, change 
in the quantum efficiency of the emission described by (11) is always accompani- 
ed by a corresponding change in the integral intensity. 

The radiations arising as a result of the transformation of light with the 
participation of two, three or more intermediate energy redistributions consist 
of natural lines of the substance with the same wavelength and contours. 

The intensity of lines corresponding to processes with different numbers of 
intermediate transitions may be different (depending on the values of Q;). Such 
lines are superimposed on each other and cannot be resolved experimentally; they 
must therefore be considered jointly as a single line. 

The quantum efficiency of the transformation with participation of all the 
intermediate transitions is given approximately by 


Yred Yer 
See Yo) ied tem rl (13) 

In complicated systems the redistributions occur very rapidly (y,.) s Yen + Yr/) 
the major portion of the light is emitted after a large number of redistributions 
and hence the contours of the emission bands do not depend on the irradiation con- 
ditions. In such systems, as will be evident from (10), transformation without 
redistribution, i.e., scattering, is virtually completely quenched by rapidly oc- 
curring redistributions. In other words, virtually all the emission occurs with 
participation of redistributions and its quantum efficiency is described by the 
familiar formula that is obtained from (13) with Ypoy } Ye, * Y,)° 

Utilizing Eq.(8), one can determine the attributes of the radiation emitted 
after cessation of irradiation.! Calculations show that all steady state emis- 
sion terminates in an afterglow, the line contours and wavelengths of which do 
not depend on the excitation conditions. The entire afterglow consists of natur- 
al lines. Hence the part of the afterglow corresponding to transformation of light 
without intermediate processes, as regards its spectral composition, is, in gener- 
al, not identical with the emission during the steady state irradiation. At the 
same time, the steady state spectrum of the radiation involving participation of 
redistributions fully matches the spectrum of the corresponding afterglow. 

In the present discussion we have not touched on the problem of coherence 
of the secondary emission inasmuch as coherence cannot be used as a criterion for 
classifying the emission. Both theory and experiment show that Rayleigh scatter- 
ing (including resonance radiation) is coherent. In contrast, photoluminescence 
and Raman scattering are incoherent. 

Thus from the standpoint of quantum electrodynamics all secondary emission 
can be divided into two parts differing as regards their mechanism and possessing 
substantially different attributes. 

One part is comprised of the emission produced with the participation of 
intermediate transitions. This part of the emission is characterized by the fol- 
lowing properties: a) the contours and wavelengths of the lines of which it con- 
sists do not depend on the properties of the incident light; b) decrease (or some- 
times increase) of the quantum efficiency is always accompanied by a correspond- 
ing change in the intensity of emission; c) the steady irradiation spectrum is 
identical with the afterglow spectrum. All the forms of emission that are com- 
monly regarded as photoluminescence possess such properties. This is why, in 
accord with generally accepted concepts, this part of the secondary emission 
should be treated as photoluminescence. It should be noted, however, that the 
enumerated properties can be clearly observed only for line spectra. In other 
cases, when the lines overlap, the contours and wavelengths of the resultant 


bands will depend both on the properties of the irradiated substance and the 
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attributes of the irradiating light. In complicated Systems where the predomin- 
ant part of the emission is emitted with participation of a large number of re- 

distributions, the emission band contours and wavelengths are usually determined 
only by the properties of the substance. 

The second part is comprised of emission originating without participation 
of intermediate transitions. In classical theory it is regarded as radiation 
associated with forced oscillations of a dipole. This part of the emission has 
the following characteristics: a) the contours and frequencies of the lines de- 
pend on the spectral composition of the irradiating light; b) decrease of the 
quantum efficiency is not always accompanied by decrease of the emission intensi- 
ty; c) the steady state spectrum in general does not coincide with the spectrum 
of the corresponding afterglow. Only in one particular case, namely, in the case 
of irradiation with a broad resonance line does this emission exhibit properties 
superficially similar to those of emission with participation of redistribution. 

With no exceptions radiation produced without participation of intermediate 
processes should be treated as Rayleigh and Raman scattering. From this view- 
point, resonance radiation and part of the so-called fluorescence of rarefied 
atomic or simple molecular gases should be regarded as resonance scattering. 

It follows from Eqs.(10) and (13) that the ratio of the quantum efficiency 
of luminescence B; to the quantum efficiency of scattering B, = By, as regards 
order of magnitude, is given by 


Yred 
* By Yem t Yr] “2 

It will be evident from this relation that with increasing probability of 
radiationless transitions B; falls off more rapidly than B,. If in addition we 
bear in mind that in the nonresonance case with decrease of B, the scattering 
intensity remains unchanged, it will be evident that by using different quenchers 
one can fully suppress photoluminescence as compared with scattering. This ex- 
plains the practical significance of utilizing the quenching criterion for dis- 
tinguishing between scattering and photoluminescence. Thus the quantum electro- 
dynamic solution of the problem of transformation of light furnishes a theoreti- 
cal justification of the quenching criterion and allows us to establish the 
range of its applicability. 

With reference to the mechanism of Secondary emission, S.I.Vavilov also 
noted that photoluminescence differs from scattering in that it involves inter- 
mediate processes. Vavilov did not, however, give a detailed discussion of this 


problen. 
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INTERNAL FIELD AND SPECTRA OF COMPLEX MOLECULES IN SOLUTIONS 
‘ - N.G.Bakhshiev 


It was shown in earlier contributions!»2 for a number of complex aromatic 
molecules having continuous electronic absorption and luminescence spectra, that 
changes in the integral probabilities of absorption (absorption integrals) and 
emission (lifetime of the excited state) in going from the vapor state to solu- 
tions can be quantitatively explained if we regard the solvent as an external di- 
electric medium which does not directly affect the transition probabilities but 
only alters the effective internal field of the light wave acting upon it. Hence 
there is reason to assume that, at least for substances in the given class, the 
influence of the solvent on the spectrum wavelengths can be explained from the 
same viewpoint. This assumption is fully justified inasmuch as a number of in- 
vestigators>~ have observed characteristic dependences of the absorption and 
luminescence wavelengths on the physical properties of the solvent. Recently, 
there appeared a number of theoretical investigationsl9-12 in which attempts were 
made to relate the position of the electronic spectra of molecules with the physi- 
cal parameters of the medium, namely, with the dielectric constant € and the in- 
dex of refractionn. The validity of the expression deduced in these investiga- 
tions for the magnitude of the displacement of the absorption and emission bands 
has so far not been substantiated experimentally. The reason for this, we believe, 
is the following. In theoretical analysis of the influence of the solvent on the 
position of the electronic levels of molecules only the electronic states were con- 
sidered, so that the expressions deduced, as has been noted by Baylissl0 and McRae 
(Ref.12), pertain only to the frequency shift corresponding to the 0—0 transition 
and having the physical meaning of a quantity characterizing the electronic exci- 
tation energy. In most experimental studies, on the other hand, owing to the dif- 
ficulty or impossibility of direct determination of the 0—0O frequency, what was 
investigated essentially was the influence of the solvent on the displacement of 
the absorption and luminescence spectra peaks, although it is known that in the 
case of broad electronic-vibrational bands the positions of the maxima do not have 
the clear physical meaning as, for example, in the case of narrow atomic or mole- 
cular spectra. Furthermore, the positions of the peaks in the electronic spectra 
of polyatomic organic molecules also depend on different factors (the separation 
between electronic levels, the aggregate transition probabilities between vibra- 
tional sublevels of the lower and upper electronic states, the degree to which 
the Franck-Condon principle is adhered to, etc.), the role of which may change sub- 
stantially in going from one solvent to another, thereby complicating the effect 
and masking the investigated regularity. 

In view of the above, we undertook an investigation of the variation of the 
O—O frequency (we shall hereinafter refer to it as the purely electronic transi- 
tion frequency Ve) of a number of substances as a function of the physical proper- 
ties of the solvent. In our work we made use of the deductions arrived at in the 
latest theoretical treatments. Analyzing the results of Baylissl9, Ooshikal! and 
McRael2 and applying the expressions deduced by them to the frequency shift AY, ; 
we can write the following somewhat simplified expression relating the red frequen- 
cy shift of the electronic transition in a solution relative to the vapor (we have 
in mind the most common case of increase of the constant dipole moment of the dis- 
solved molecule upon excitation) with the dielectric constant ¢€ and the index of 
refraction n of the solvent: 
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where r is the effective Onsager radius!3, which is virtually equal to the radius 
of the molecule, j is the oscillator strength of the given electronic-vibrational 
transition and c,,c, and cs; are constants (c, is associated with the change in 
the constant dipole moment incident to excitation, while c, and c, are connected 
with the presence of induced dipole moments in the molecule). 

For the purposes of the present investigation we chose five aromatic com- 
pounds from among the previously thoroughly studied phthalimide derivatives, 
namely, 4-aminophthalimide, 3-aminophthalimide, 3-monomethylaminophthalimide, 
3-dimethylaminophthalimide and 3-acetylaminophthalimide. All these have continu- 
ous absorption and luminescences spectra characterized by mirror symmetry, which 
allows of accurate determination of Ye- In the case of these molecules, which ac- 
cording to the classification of Neporent4 belong to the group of molecules pos- 
sessing modulation spectra, the frequency V, coincides with the point of inter- 
section of the absorption and luminescence spectra. In view of the high degree 
of symmetry of the spectra, Ve was determined as the arithmetic average of the 
frequencies of the absorption (v,) and luminescence (vmj) Maxima, i.e., 
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By way of solvents we used n-hexane, n-heptane, carbon tetrachloride, ben- 
zene, xylene, dioxane, diethyl ether, methyl phenyl ether, chloroform, acetone, 
isoamilether, ethyl ether, methyl ether, glycerol, butyl alcohol and water. 

The data on the frequencies of the absorption and luminescence spectra in 
the vapor state were taken from Klochkov!5,* 

Before turning to the experimental results, let us adapt Eq.(1) to our case. 
The results obtained in the work of Ref.l1 showed that the oscillator strengths 
of the investigated substances are constant (within 10%) in all the diverse sol- 
vents used. Hence we can set c,-+-/c; =c, and rewrite (1) in the following form 


1 f2e— 2 eg (2) 


where a 
C} 

The variation of y_ is a function of the term in brackets in Eq.(2) for all 
the investigated substances is shown in Figs.1,2 & 3 (the values of c,/r° and p are 
listed in the accompanying table). The points at the origin are for the respect- 
ive vapors. As will be seen, the experimental points fit the plots of Eq. (2) 
fairly well. 

An interesting fact is the constant value of p for all 3-amino derivatives 
of phthalimide. This indicates that the relative contribution to the shift con- 
nected with changes in the constant and induced dipole moment is the same for all 
three amino derivatives. The fact that the value of p for 4-aminophthalimide is 
different indicates that the relative (and apparently absolute) change in the 
value of the constant dipole moment incident to excitation is greater in 4-amino- 
phthalimide as compared with the 3-amino derivatives. In addition the similarity 
of the properties of the 3-amino derivatives gives reason to infer that for all 
these substances c, = const. In this case the great difference in the magnitude 
of the shifts should be due only to differences in the size of the molecules (the 
Onsager radii). 


*We note that the frequencies of the absorption and emission spectra of the 
investigated substances in the vapor state are virtually temperature independent, 
so that in making comparisons with the spectra in solutions at 20° one can with 
little error use the vapor data obtained at temperatures of 200-300°. 
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Fig.1. Plot of the functional dependence Fig.2. Same as Fig.l but for a) : 
given by Eq.(2) and experimental points 3-aminophthalimide and b) 3-acetyl- 
for 4-aninophthalimide. aminophthalimide. 


In column 5 of the accompanying table 
we list the data taken from Borisevich!® 
on the radii (7) of the investigated mole- 
cules as determined from the structural 
models. In column 6 we list the radii 
(r’) of the same molecules calculated from 
the magnitude of the shift assuming c, = 
= const. (the size of the 3-aminophthali- 
mide molecule was taken as unity). 

It will be seen that the relative 
sizes of the molecules as calculated from 


Fig.3. Same as Fig.1 but for a) the magnitude of the shift are in good . 
3-monoethylaminophthalimide and agreement with the results deduced from 
b) 3-dimethylaminophthalimide. structural models. 
Substance ' een oy ee .?P r, A we 
- aaa i 


G-aminophthalimide 9300 | 1400 | 0,50 | 3,8 aes 
smonomethylaminophthalimide 2250 1150 0.514 3.9 4,1 
dimethylaminorphthalimide | 2250 1150 0,51 3,9 A 
3-ace tylaminoph* mide 77 380 0,51 5.0 


4—aminophthalimide L350 1200 RE ieee —- 


The cited results show that the experimental data on the frequency shift of 
the electronic transition in a number of complex aromatic compounds in solutions 
are in good agreement with the deductions of the theory relating the magnitude 
of the shift with the physical parameters of solvents. 

It must be noted, however, that the frequencies of the absorption and lumi- 
nescence peaks of the investigated substances are generally in poorer agreement 
with the regularity defined by formula (2). 


"S$. I. Vavilov’ State Optical Institute 
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DISCUSSION 


V.V.Zelinskii: The report presented by N.G.Bakhshiev is very interesting. 
Since the changes in the positions (frequencies) of the fluorescence spectra in 
going from one solvent to another in the case of phthalimide derivatives depends 
greatly on the structure of the phthalimides and does not depend on the frequency 
of the fluorescence spectra of the given substance in different solvents, it 
must be assumed that the effect of the solvent is to produce certain changes in 
the structure,of the molecule. As noted, the fluorescence and absorption spectra 
change in different ways under the influence of different solvents; in some cases 
the shifts in different solvents are in opposite directions. This gives reason 
to infer that the influence of the solvent on the structure of a molecule leads 
not only to change in the frequency of the electronic transition but also alters 
the equilibrium state. 

Use of the electronic transition frequency as a criterion of the changes oc- 
curring in the spectra may serve to unify the information that can be obtained 
from the absorption and fluorescence spectra regarding the changes in the mole- 
cule of the dissolved substance. The observed dependence of the electronic transi- 
tion frequency on the dielectric constant may be apparent and may be due simply 
to the fact that the magnitude of the dieléctric constant is determined by the 
same elementary dipoles and by the same polarizabilities of the individual bonds 
that determine the effect of the solvent on the absorption and fluorescence spec- 
tra, but which can, however, be so combined that their net influence on the spec- 
tra remains unchanged, while the macrocharacteristic of the solvent, namely, the 
dielectric constant, changes. In our report we gave data indicating that the elec- 
tronic transition frequency does not necessarily change with the dielectric con- 
stant. Consequently, the magnitude of the dielectric constant per se does not 
necessarily determine the frequency of the electronic transition. 

N.G.Bakhshiev: The fact that the influence of the solvent may not be limited 
to a shift of the frequency V, is obvious and is substantiated by our data. Yet 
the first stage in the investigation of the influence of solvents on spectra must 
consist of investigations of the changes in the positions of the electronic levels 
due to intermolecular interactions of the dielectric type which, as the results 
of numerous investigations show, are the most common type of interaction in solu- 
tions associated with frequency shifts of the dissolved molecules. 


- 1381 - * 


TEMPERATURE DEPENDENCES OF THE ELECTRONIC SPECTRA OF SOME PHTHALIMIDES 
- L.G.Pikulik & M.A. Solomakho 


Stepanov! in his monograph gives a review of many experimental studies of 
the influence of temperature on the electronic spectra of complex molecules. 

From the results of these early studies it appeared that the frequency of the 
spectral bands of complex molecules is only weakly dependent on the temperature. 
It has been established in more recent studies, however, that an appreciable shift 
occurs in the luminescence spectra of phthalimides in solutions with changes in 
temperature from +20 to +250° (Refs.2 & 3) and from +20 to -196° (Ref.4). In the 
latter interval the shift may be comparable with the band half-width. Thus the 
early assumption regarding the weak temperature dependence of the spectra of solu- 
tions of complex molecules is open to question, and there is obvious need for ex- 
tensive investigation of the temperature dependences of the electronic spectra of 
solutions of complex molecules in a wide range of temperatures. 

Displacement of the emission spectra to the short wavelength side with in- 
creasing temperature of the medium2 may be due to different causes. The fluores- 
cence spectra of solutions of complex molecules are almost always located at long- 
er wavelengths than the fluorescence spectra of the corresponding vapor. The 
shift of the emission spectra to the shorter wavelength side with increasing tem- 
perature may be connected with weakening of the influence of the solvent. In this 
case, the absorption bands should also exhibit a displacement? which, like the dis- 
placement of the fluorescence spectra, should be in the shorter wavelength direc- 
tion, i.e., towards the spectra in the vapor state. 

The theory of spectral band contours of complex molecules developed by Stepan- 
ov!,6 for isolated molecules predicts displacement of the emission peak to the 
short wavelength side with increasing temperature. In this theory, however, the 
shift is determined by the properties of the molecule itself rather than by the 
external influence of the medium. According to this theory, the absorption band 
should be shifted with increasing temperature towards the fluorescence band, i.e., 
to the side of longer wavelengths from its initial position. 

With a view to clarifying the causes of the temperature shift of the spectral 
bands of solutions, we investigated the absorption and emission spectra of a num- 
ber of phthalimides (3-aminophthalimide, 3-monomethylaminophthalimide, 4-amino- 
phthalimide, 4-amino-N-methylphthalimide) in high boiling-point solvents (glycerol, 
benzyl alcohol, isobutyl alcohol, cyclohexanol, ethyl acetoacetate, ethyl benzoate, 
dibutylphthalate, and vaseline oil). The fluorescence spectra were investigated 
on a photoelectric set-up assembled about a glass optics UM-2 monochromator; the 
absorption spectra were studied on an SF-4 spectrophotometer. 

As will be evident from Fig.1, in the case of 3-aminophthalimide in cyclo- 
hexanol there is observed an appreciable displacement of the absorption and emis- 


Ww sion bands as the temperature of the medium 
<1 is increased from +30 to +1509. The simul- 
40 taneous displacement of the absorption and 


fluorescence to the shorter wavelength side 
gives reason to infer that this effect is 
due to weakening of the influence of the 
solvent on the molecule. A similar dis- 
placement of the spectral bands was observed 
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16 ae, Oe for all the investigated substances in the 
Fig.1. Fluorescence and absorption other enumerated solvents except vaseline 
spectra of 3-aminophthalimide in oil. 
cyclohexanol at +30° (solid line) The magnitude of the effect of the tem- 


and +150° (dashed line). perature of the medium on the position of 


with respect to the fluorescence spectrum of the vapor. 


the bands varies with their 

initial wavelengths in the 

given solvent. For example, 

in the case of 3-aminophthali- 

mide in cyclohexanol at +30° 

(Fig.1) the fluorescence peak 

is located at 20,300 cm]; 

the absorption peak at 25,600 

cm-l, The band shifts with 

increase of temperature to 

” v07 =~ +150° are 800 and 700 cm}, 
respectively. For the same 

Fig.2. Fluorescence and absorption spectra of 3- compounds in vaseline oil 

-aminophthalimide (1,2,4, & 5) and absorption spec- (Fig.2), where the peaks at 

tra of 4-amino-N-methylphthalimide (3 & 6) in vase- 30° are located at shorter 

line oil at +20° (1,2 & 3), +155° (4 & 5) and wavelengths (Y¢jyo = 23,400 

+180° (6). em~1 and Yapg = 27,000 cm-1), 

the band shifts incident to 
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heating to +155° are negligible. 

In Fig.2 we also give the absorption spectra of 4-amino-N-methylphthalimide 
in vaseline oil at different temperatures; it will be seen that in this case, too, 
the band shifts are insignificant. 

In order to obtain the greatest displacement of the spectra the solutions 
were heated almost to the boiling point;* hence the spectra in the different sol- 
vents were obtained at different maximum temperatures. For purposes of comparing 
the spectrum shifts in different solvents, we divided the average value of the ab- 
sorption and emission band shifts Vay = (AVg1y + AVgp5)/2 (in some cases only 
OY¥f1y) by the corresponding temperature interval. The shift coefficients AY,,/OT 
obtained in this manner are plotted in Fig.3. The solvents are laid off in the 
horizontal frequency scale according to the frequencies of the fluorescence peak 


—————— "ot 
1 Fig.3. Variation of the temperature induced 
Ayon'| dy shift in the spectra of phthalimide deriva- 


tives (AY,,/4T and Ay) with the position 
of the fluorescence spectrum in the given 
solvent at +20° relative to its position 
in the vapor spectrum. Substances: I) 
4-amino-N-methylphthalimide and 4-amino- 
phthalimide, II) 3-aminophthalimide and 
III) 3-monomethyl aminophthalimide. Sol- 
vents: 1) glycerol, 2) benzyl alcohol, 

3) isobutyl alcohol, 4) cyclohexanol, 5) 
ethyl acetoacetate, 6) ethyl benzoate, 7) 
dimethylphthalate, 8) vaseline oil, 9) 
vapor. Solid lines - shift due to heating; 
2 10,9 om-+ dashed lines - shift due to cooling. 


of 3-aminophthalimide in them. Thus, this solvent scale characterizes the decrease 
of the solvent-induced shift of the fluorescence spectrum of 3-aminophthalimide 
Actually, this sequence 


of the degree of influence of the solvent on the fluorescence spectrum at +20° 


*We checked for the absence of decomposition by comparing the spectrum after 


cooling with the initial room temperature spectrum of the solution. 
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obtains for the other phthalimide derivatives as well. As will be evident from 
Fig.3, the variation of Av,,/A4T with the relative position of the spectra in the 
given solvent at +20° (solid lines) is characterized by decrease of the spectral 
band displacements as the fluorescence spectrum in the given solvent at +20° ap- 
proaches the fluorescence spectrum of the vapor. An exception is the value of 
AYay/4T for glycerol, in which the coefficient is always smaller than in ethyl 
acetoacetate. 

Thus increase of the temperature of the medium (solvent) can lead to an ap- 
preciable shift in the spectra of phthalimides if prior to heating (i.e., at room 
temperature) the spectrum of the phthalimide in the given solvent is appreciably 
displaced relative to the spectrum of the vapor; in other words, the degree of 
temperature displacement of the bands of a given substance depends on their posi- 
tion (relative to the vapor spectrum) at room temperature. The observed tempera- 
ture effect is apparently due primarily to variation in the influence of the sol- 
vent on the phthalimide molecule. 

It must be noted that the indicated regularities obtain only in a limited 
temperature range, i.e., in heating from room temperature to near the boiling 
point of the solvent. 

The displacement of the spectral bands of phthalimides in the temperature 
range from +20° to -196° is entirely different. We were able to investigate the 
absorption spectra of the phthalimide derivatives only in solutions of ethyl 
alcohol, since the other solvents become opaque at low temperatures owing to 
cracking and fissuring of the frozen mass. The fluorescence and absorption spec- 
tra of 3-monomethylaminophthalimide in ethyl alcohol are shown in Fig.4. It will 
be seen that when the temperature is reduced from +20° to -196° the peak of the 
absorption band is shifted to the side of lower frequencies. At the same time the 
emission band is displaced to the side of higher frequencies. * Thus the absorp- 
tion and emission band peaks move towards each other.** Similar shifts were ob- 
served for all the investigated phthalimide derivatives in ethyl alcohol; presum- 
ably the mutual approach of the absorption and emission bands would obtain in 
all the other solvents since in all cases the emission spectra shifted to the 
shorter wavelength side with reduction of temperature. 


My 
vv 


Fig.4. Fluorescence and absorption spectra of 
3-monomethylaminophthalimide in ethyl alcohol Fig.5. 
at +20° (solid lines) and -196° (dashed lines). 


*In this case also there is a correlation between the shift of the emission 
band and its position at 20°. This dependence for our solvents is shone in Fig. 
3 by the dashed lines. 


**A similar effect was observed for some acridines. ‘ 
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We note in passing that in going from ~+200° to -196° the width of both the 
fluorescence and absorption bands decreases noticeably. 

The observed regularities of the phthalimide spectrum displacements in the 
+20° to -196° temperature range can be characterized by means of the one-dimen- 
sional potential curve model. This model was used earlier® to explain the influ- 
ence of the solvent on molecular spectra. Fig.5 shows the potential curves for 
the ground and excited states, shifted relative to each other due to the differ- 
ence between the generalized equilibrium radii of the lower and upper electronic 
states (70 and 7o* ). The vertical transition from the minimum of the lower curve 
corresponds to the maximum of the absorption band and, analogously, the vertical 
transition from the minimum of the upper curve corresponds to the maximum of the 
emission band. The distance between the minima determines the frequency of the 
electronic transition. 

The displacement of the absorption and emission bands towards each other 
with decreasing temperature corresponds to displacement of the upper potential 
curve relative to the lower curve horizontally to the left, i.e., to diminution 
of the difference between the equilibrium radii of the upper and lower electronic 
states. Obviously, the absorption maximum is shifted to the side of lower fre- 
quencies; the emission maximum, to the side of higher frequencies. In this case, 
if the shifts are equal, the electronic transition frequency should remain un- 
changed. As may be seen from Fig.4, however, the point of intersection of the ab- 
sorption and emission bands (which gives the probable position of Ve) is shifted 
noticeably in going from +20° to -196°. Since the spectra of Fig.4 are only for 
alcohol solutions further investigation of the absorption spectra at low tempera- 
tures in different solvents is indicated. 

We desire to thank V.V.Zelinskii, A.N.Sevchenko and B.I.Stepanov for valu- 
able suggestions. 
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LUMINESCENCE OF POWDERED MATERIALS 
- Iu. I.Chekalinskaia 


1. In connection with diverse research problems it is sometimes necessary 
to investigate the spectra and other optical attributes of powdered lumines- 
cent substances. The powdery, dispersed state of luminophors greatly compli- 
cates investigation of their optical properties inasmuch as in such cases there 
occurs multiple scattering of the exciting radiation and of the luminescence 
inside the powder. The optical properties of luminophor powders depend not 
only on the quantities characterizing the substance in the bulk (the coeffici- 
ent of absorption, the quantum efficiency, the persistence of emission, etc.), 
but also on the size of the particles, the properties of the binding mediun, 
the degree of packing and other factors. Hence in interpreting the experiment- 
al data one must take into account multiple scattering of light in the powder. 
Many authors neglect the effect of scattering as an insignificant factor but do 
not justify this either experimentally or theoretically. It is possible that 
in some cases scattering is combined with other effects, but even in such cases 
to clarify their mechanism, it is important to separate the effects associated 
with scattering. 

The present report is devoted to the problem of allowing for the effect of 
scattering on the optical properties of powdered luminescent substances. For 
the purposes of determining the dependence of the intensity of luminescence on 
the parameters of the light-scattering layer one can make use of the model of a 
light-scattering layerl ,2 proposed by Antonov-Romanovskii, Girin & Stepanov and 
Bodo. According to this model, the light-scattering layer is regarded as a sys- 
tem of elementary laminae whose thickness corresponds to the mean dimensions 
of the particles and whose absorption coefficient is equal to the absorption 
coefficient of the bulk material. s 

Using this model and taking into account the invariance of the properties 
of the light-scattering layer as regards the addition of an elementary lamina,1 
one can deduce the following expressions for the intensity of luminescence of 
a plane powder layer: 
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Here /, is the flux of radiation incident on the ‘front of layer, /\’ and 
[2 are the luminescence fluxes emerging from the layer in the direction of the 
incident light (from the back) and in the opposite direction (from the front) 
respectively, N is the number of laminae, y is the quantum yield, ¢(v) isa 
function characterizing the energy distribution over the luminescence spectrum, 
R. and Ri, are the coefficients of reflection of the exciting radiation and 
of the luminescence from an infinitely thick layer and / and b’ are parameters 
of the light scattering layer (here and below the primes denote quantities 
pertaining to the luminescence). According to Stokes?, Jt. and b are given by 
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are the coefficients of reflection and transmission of one lamina, / is the 
thickness of a lamina (equal to the mean dimensions of the particles), / is 
the coefficient of absorption of the dispersed material, r, is the coefficient 
of reflection at the binding medium-dispersed substance interface, i.e., at 
the particle boundaries. 

Eqs.(1) and (2)* give the dependence of the luminescence flux on the para- 
meters of the light-scattering layer: the absorption coefficients for the ex- 
citing radiation (k) and the luminescence (h’), the particle size, and the indi- 
ces of refraction of the dispersed substance and the binding medium. Knowing 
these constants and the true luminescence spectrum, we can predict the lumines- 
cence spectrum of the powdered luminophor and the way it will change when the 
parameters are varied. We can also solve the inverse problem, namely, find 
the true spectrum and the luminescence yield of the material from the measured 
spectrum and the technical yield of the powder. 

If the luminescence is not absorbed, Eqs.(1) and (2) become 
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where /’= In working with Eqs.(1), (2), (4) & (5) one must employ 


A} F, 
numerical calculations. Eqs.(1) and (2) differ mainly as regards the positions 
of the elements in the first column, which greatly facilitates tabulation. 

Below we shall consider the dependence of the luminescence flux on only 
some of the parameters of light-scattering layers.1 

2. The variation of the luminescence fluxes as a function of the number of 
elementary laminae for two values of the coefficient of reflection at the parti- 
cle boundaries is shown in Fig.l. It will be seen that the luminescence flux 
emerging from the front (i.e., towards the source of incident light) with in- 
creasing number N of laminae always increases, tending to a limiting value, 
while the flux emerging from the back of the layer first increases, goes through 
a maximum and then falls off. For media with a small value of the reflection 
coefficient / 7 = 0.01) the number of elementary lamina at which the maximum 
flux is attained is larger than for media with a large value of 7”. The lumi- 
nescence maximum is shifted to the side of smaller values of N with increase 
of (k'l: If the radiation is wholly absorbed in the front elementary lamina, 


there is obviously no maximum. 


*These expressions can be used for evaluating the luminescence flux of 
a stack of plates. 
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It also follows from Fig.1 that 
the luminescence flux emerging from 
the layer towards the source of radi- 
ation (from the front) is always great- 
er than the flux emerging from the | 
back. 

3. Fig.2 shows the variation of I 
the luminescence flux from an infin- | 
itely thick layer as a function of 
the particle size for k = 1000 cm-l 
and different values of ks’. In the 
presence of reabsorption (k’-0) and 


ind inlé inb4 InZ56 In k>k’ , with increasing particle size 
the flux at first increases, goes 

Fig.1. Variation of the luminescence through a maximum and then slowly de- 
fluxes as a function of the number of creases. Consequently, fragmentation . 
elementary lamina with ¢/ = 0.2; of the phosphor (reduction of particle 
r,- ro = 0.2 (solid lines) andr,=1rj = size) in some cases may lead not to | 
= 0.01 (dash lines): a - /W , b - har diminution of the brightness, as usual- 
1 - kl = 0.005; 2- k'’1 = 0.1. ly observed experimentally4,12, but to 


increase of the brightness due to en- 
hanced scattering. In the absence of reabsorp- 
tion, increase of the particle size is always 
accompanied by increase of the brightness of 
an infinitely thick layer. 

Although scattering undoubtedly plays a 
certain role in the variation of brightness 
with reduction of particle size, the changes 
observed in a number of cases cannot be ex- 
plained entirely by scattering. Thus for ex- 
ample the strong decrease in brightness inci- 
dent to fragmentation of the phosphor NaC1:T1Cl 
cannot be due exclusively to scattering; other 


Leo 


Li 


Fig.2. Variation of the lumi- factors must be invoked to explain the observed4 
nescence flux for an infinitely attenuation. : 

thick layer as a function of The dependences described above are in 

the particle size with 7 Pe. agreement with the experimental and theoretical 
me 0.8; 1-k'’=2 O, 2-k's= data of Ivanov.® 

meusGOLe, 3 = &'=m 0.014, 4 - Having elucidated the influence of differ- 
Bie O.1Lk, 5 - k’ = kh; k= 1000 ent parameters on the effective luminescence 


yield of powdered materials, we can determine 
the conditions for their most efficient utiliza- 
tion. © 

4. The technical yield (efficiency) of a 
layer of finite thickness is given by 


Fig.3. Variation of the technical yield as a 
function of the number of elementary laminae 


with r.= 0.2 (solid lines) and ’,= 0.01 
(dash lines): a - ‘i = 0.1, b- = 0.005; 
ieee tim 0,008 2 =k l= 0,1, 
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where /ty and /7/'y are the coefficients of reflection and transmission of the 

layer for the exciting radiation. The variation of Wy as a function of the 

number of elementary laminae is shown in Fig.3; from this figure it follows that 

1) with increasing layer thickness the technical yield decreases, tending 
to a limit, i.e., to the value of the technical yield of an infinitely thick 
layer; 

2) the technical yield of weakly scattering layers (ro = 0.01) of finite 
thickness is greater than the technical yield of strongly scattering (r, = Osa} 
layers (for infinitely thick layers the opposite obtains) ; : 

3) for weakly scattering media, the technical yield of layers of finite 
thickness is strongly dependent on /’/ and with a small number of laminae is 
almost independent of Al; in strongly scattering media the fl dependence is | 
stronger, particularly in the range of large i’ l. 

These results show that scattering may have an appreciable influence on 
the optical properties of powdered phosphors and that, consequently, it must 
be taken into account in practical applications. Through appropriate variation 
or selection of the binding medium and the particle size, one can attain the 
most efficient utilization of a given phosphor. 

5. Luminescent layers are generally applied to a backing or base which af- 
fects the character of the luminescence. The coefficients of reflection of 
the base for the exciting radiation and the luminescence are generally not equal. 


Taking into account multiple reflection of the exciting radiation and the lumi- 
nescence from the backing, we obtain 
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where /?? and /t’'are the coefficients of reflection from the backing of the excit- 
ing radiation and the luminescence, respectively. 

As a rule backings with equally good reflection in a wide spectral range Vi 
are not available. Analysis of Eq.(6) shows that in most cases (and in the ab- 
sence of reabsorption always), it is more advantageous to use a backing with 
high reflection for the luminescence. 

In conclusion, I wish to express my gratitude to B.I.Stepanov for guid- 
ance in the work and valuable advice. 
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RESONANCE LUMINESCENCE OF MATTER IN FINITE VOLUMES 
. ~- A.M, Samson 


Secondary absorption and emission processes occurring in the bulk of the in- 
vestigated substance generally affect the intensity, efficiency, line shape, rate 
of decay and other spectroscopic characteristics of the emerging radiation. This 
influence of secondary processes obviously hampers interpretation of the experi- 
mental data. 

Under laboratory conditions, the influence of secondary processes can be 
minimized by investigating the substance in small volumes or at low concentrations. 
This, however, involves diminution of the total luminescence, which is not always 
acceptable. In some cases (propagation of radiation through the atmosphere, emis- 
sion of stars! ,2, etc.), this method of eliminating the influence of secondary pro- 
cesses is impossible. 

There have been many studies devoted to investigation of the propagation of 
radiation in finite volumes. Astrophysicistsl,2 have achieved notable successes 
in this field, but on the whole, many aspects of this effect have not been ade- 
quately studied. 

In the present work we derived a general integro-differential equation for 
volumes of any shape, which makes it possible to allow for the influence of forced 
emission, the thermal background and nonoptical excitation. Solution of the gener- 
al equation for particular cases allows of evaluating the influence of secondary 
absorption and emission processes on the spectroscopic characteristics of reson- 
ance luminescence. 

If the number of excited and unexcited particles (emissive power and absorp- 
tion) at each point is known, one can determine all the spectroscopic character- 
istics of the radiation. The nonlinear integro-differential equation for the num- 
ber of excited particles at every point can be derived from the usual relation 
for systems of particles with two energy levels?; 


> = —n,[A+ 2B(u,+ uz + us) + doy + dy] + n[B (uyt+ uz + Us) + ayo]. (1) 


Here nz is the density of the excited particles, nis the total particle densi- 
ty, ¢ is the time, A and B are the Einstein probability coefficients and d,, and 
d,, are the nonoptical transition probabilities. Finally, u,,u, and uw, denote the 
radiation densities associated with the thermal background, the external source 
and the luminescence of the investigated substance in a given finite volume, re- 
spectively; they all depend on the coordinates (see Ref.4). 

If the nonoptical and thermal excitations are small compared with the excita- 
tion from the external source and one can neglect forced emission, the particular 
solution of the general equation is 
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Here 
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p represents the product of the radius vector of the point in the volume (speci- 
men) by the absorption coefficient 0, y is the quantum efficiency of the elementa- 
ry volume and w(#) is proportional to the emissive power of the light source. The 
@; are defined by 
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7. DISCUSSION 
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We V.Zelinskii: The report presented by N.G.Bakhshiev is very interesting. 
ae the changes in the positions (frequencies) of the fluorescence spectra in 
‘go: ng from one solvent to another in the case of phthalimide derivatives depends 
greatly on the structure of the phthalimides and does not depend on the frequency 
of the fluorescence spectra of the given substance in different solvents, it 
- must be assumed that the effect of the solvent is to produce certain changes in 
the structure,of the molecule. As noted, the fluorescence and absorption spectra 
_ change in different ways under the influence of different solvents; in some cases 
the shifts in different solvents are in opposite directions. This gives reason 
to infer that the influence of the solvent on the structure of a molecule leads 
not only to change in the frequency of the electronic transition but also alters 
the equilibrium state. 

Use of the electronic transition frequency as a criterion of the changes oc- 
curring in the spectra may serve to unify the information that can be obtained 
from the absorption and fluorescence spectra regarding the changes in the mole- 


cule of the dissolved substance. The observed dependence of the electronic transi- 


tion frequency on the dielectric constant may be apparent and may be due simply 
to the fact that the magnitude of the dieléctric constant is determined by the 
same elementary dipoles and by the same polarizabilities of the individual bonds 
that determine the effect of the solvent on the absorption and fluorescence spec- 
tra, but which can, however, be so combined that their net influence on the spec- 
tra remains unchanged, while the macrocharacteristic of the solvent, namely, the 


dielectric constant, changes. In our report we gave data indicating that the elec- 


tronic transition frequency does not necessarily change with the dielectric con- 
stant. Consequently, the magnitude of the dielectric constant per se does not 
necessarily determine the frequency of the electronic transition. 

N.G.Bakhshiev: The fact that the influence of the solvent may not be limited 
to a shift of the frequency V_ is obvious and is substantiated by our data. Yet 
the first stage in the investigation of the influence of solvents on spectra must 
consist of investigations of the changes in the positions of the electronic levels 
due to intermolecular interactions of the dielectric type which, as the results 
of numerous investigations show, are the most common type of interaction in solu- 
tions associated with frequency shifts of the dissolved molecules. 
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TEMPERATURE DEPENDENCES OF THE ELECTRONIC SPECTRA OF SOME PHTHALIMIDES 
- L.G.Pikulik & M.A. Solomakho 


Stepanov! in his monograph gives a review of many experimental studies of 
the influence of temperature on the electronic spectra of complex molecules. 

From the results of these early studies it appeared that the frequency of the 
spectral bands of complex molecules is only weakly dependent on the temperature. 
It has been established in more recent studies, however, that an appreciable shift 
occurs in the luminescence spectra of phthalimides in solutions with changes in 
temperature from +20 to +250° (Refs.2 & 3) and from +20 to -196° (Ref.4). In the 
latter interval the shift may be comparable with the band half-width. Thus the 
early assumption regarding the weak temperature dependence of the spectra of solu- 
tions of complex molecules is open to question, and there is obvious need for ex- 
tensive investigation of the temperature dependences of the electronic spectra of 
solutions of complex molecules in a wide range of temperatures. 

Displacement of the emission spectra to the short wavelength side with in- 
creasing temperature of the medium? may be due to different causes. The fluores- 
cence spectra of solutions of complex molecules are almost always located at long- 
er wavelengths than the fluorescence spectra of the corresponding vapor. The 
shift of the emission spectra to the shorter wavelength side with increasing tem- 
perature may be connected with weakening of the influence of the solvent. In this 
case, the absorption bands should also exhibit a displacement? which, like the dis- 
placement of the fluorescence spectra, should be in the shorter wavelength direc- 
tion, i.e., towards the spectra in the vapor state. 

The theory of spectral band contours of complex molecules developed by Stepan- 
ov!,6 for isolated molecules predicts displacement of the emission peak to the 
short wavelength side with increasing temperature. In this theory, however, the 
shift is determined by the properties of the molecule itself rather than by the 
external influence of the medium. According to this theory, the absorption band 
should be shifted with increasing temperature towards the fluorescence band, i.e., 
to the side of longer wavelengths from its initial position. 

With a view to clarifying the causes of the temperature shift of the spectral 
bands of solutions, we investigated the absorption and emission spectra of a num- 
ber of phthalimides (3-aminophthalimide, 3-monomethylaminophthalimide, 4-amino- 
phthalimide, 4-amino-N-methylphthalimide) in high boiling-point solvents (glycerol, 
benzyl alcohol, isobutyl alcohol, cyclohexanol, ethyl acetoacetate, ethyl benzoate, 
dibutylphthalate, and vaseline oil). The fluorescence spectra were investigated 
on a photoelectric set-up assembled about a glass optics UM-2 monochromator; the 
absorption spectra were studied on an SF-4 spectrophotometer. 

As will be evident from Fig.1, in the case of 3-aminophthalimide in cyclo- 
hexanol there is observed an appreciable displacement of the absorption and emis- 

sion bands as the temperature of the medium 
“ye is increased from +30 to +150°. The simul- 


40 —— sie taneous displacement of the absorption and 
ma aN fe fluorescence to the shorter wavelength side 
20 24 
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: gives reason to infer that this effect is 
2 vi0’ci~ gor all the investigated substances in the 


due to weakening of the influence of the 
solvent on the molecule. A similar dis- 
placement of the spectral bands was observed 


1 
16 
Fig.l. Fluorescence and absorption other enumerated solvents except vaseline 
spectra of 3-aminophthalimide in oil. 
cyclohexanol at +30° (solid line) The magnitude of the effect of the tem- 
and +150° (dashed line). perature of the medium on the position of 
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the bands varies with their 
Le initial wavelengths in the 
| given solvent. For example, 
in the case of 3-aminophthali- 
mide in cyclohexanol at +30° 
(Fig.1) the fluorescence peak 
is located at 20,300 cm-l; 
the absorption peak at 25,600 
em-1, The band shifts with 
increase of temperature to 
z y v0) ct +150° are 800 and 700 cm”, 
respectively. For the same 
Fig.2. Fluorescence and absorption spectra of 3- compounds in vaseline oil 
-aminophthalimide (1,2,4, & 5) and absorption spec- (Fig.2), where the peaks at 
tra of 4-amino-N-methylphthalimide (3 & 6) in vase- 30° are located at shorter 
tine oil at +20° (1,2 & 3), +155° (4 & 5) and wavelengths (Yeiu0 = 23,400 
+180° (6). em~1 and Vapg = 27,000 cm-l), 
the band shifts incident to 


heating to +155° are negligible. 

In Fig.2 we also give the absorption spectra of 4-amino-N-methylphthalimide 
in vaseline oil at different temperatures; it will be seen that in this case, too, 
the band shifts are insignificant. 

In order to obtain the greatest displacement of the spectra the solutions 
were heated almost to the boiling point;* hence the spectra in the different sol- 
vents were obtained at different maximum temperatures. For purposes of comparing 
the spectrum shifts in different solvents, we divided the average value of the ab- 
sorption and emission band shifts Vay = (Ye 1y + AVaps)/2 (in some cases only 
AYf1u) by the corresponding temperature interval. The shift coefficients AY,,/AT 
obtained in this manner are plotted in Fig.3. The solvents are laid off in the 
horizontal frequency scale according to the frequencies of the fluorescence peak 


= tt 
Avert Fig.3. Variation of the temperature induced 
yon | dy shift in the spectra of phthalimide deriva- 


tives (AY,,/4T and Ay) with the position 
of the fluorescence spectrum in the given 
solvent at +20° relative to its position 
in the vapor spectrum. Substances: I) 
4-amino-N-methylphthalimide and 4-amino- 
phthalimide, II) 3-aminophthalimide and 
III) 3-monomethyl aminophthalimide. Sol- 
vents: 1) glycerol, 2) benzyl alcohol, 

3) isobutyl alcohol, 4) cyclohexanol, 5) 
ethyl acetoacetate, 6) ethyl benzoate, 7) 
dimethylphthalate, 8) vaseline oil, 9) 
vapor. Solid lines - shift due to heating; 
z v-10,3 om1 dashed lines - shift due to cooling. 


of 3-aminophthalimide in them. Thus, this solvent scale characterizes the decrease 


of the solvent-induced shift of the fluorescence spectrum of 3-aminophthalimide 
with respect to the fluorescence spectrum of the vapor. Actually, this sequence 
of the degree of influence of the solvent on the fluorescence spectrum at +20° 

*We checked for the absence of decomposition by comparing the spectrum after 
cooling with the initial room temperature spectrum of the solution. 
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obtains for the other phthalimide derivatives as well. As will be evident from 
Fig.3, the variation of Av3,/A4T with the relative position of the spectra in the 
given solvent at +20° (solid lines) is characterized by decrease of the spectral 
band displacements as the fluorescence spectrum in the given solvent at +20° ap- 
proaches the fluorescence spectrum of the vapor. An exception is the value of 
AYay/OT for glycerol, in which the coefficient is always smaller than in ethyl 
acetoacetate. 

Thus increase of the temperature of the medium (solvent) can lead to an ap- 
preciable shift in the spectra of phthalimides if prior to heating (i.e., at room 
temperature) the spectrum of the phthalimide in the given solvent is appreciably 
displaced relative to the spectrum of the vapor; in other words, the degree of 
temperature displacement of the bands of a given substance depends on their posi- 
tion (relative to the vapor spectrum) at room temperature. The observed tempera- 
ture effect is apparently due primarily to variation in the influence of the sol- 
vent on the phthalimide molecule. 

It must be noted that the indicated regularities obtain only in a limited 
temperature range, i.e., in heating from room temperature to near the boiling 
point of the solvent. 

The displacement of the spectral bands of phthalimides in the temperature 
range from +20° to -196° is entirely different. We were able to investigate the 
absorption spectra of the phthalimide derivatives only in solutions of ethyl 
alcohol, since the other solvents become opaque at low temperatures owing to 
cracking and fissuring of the frozen mass. The fluorescence and absorption spec- 
tra of 3-monomethylaminophthalimide in ethyl alcohol are shown in Fig.4. It will 
be seen that when the temperature is reduced from +20° to -196° the peak of the 
absorption band is shifted to the side of lower frequencies. At the same time the 
emission band is displaced to the side of higher frequencies. * Thus the absorp- 
tion and emission band peaks move towards each other.** Similar shifts were ob- 
served for all the investigated phthalimide derivatives in ethyl alcohol; presum- 
ably the mutual approach of the absorption and emission bands would obtain in 
all the other solvents since in all cases the emission spectra shifted to the 
shorter wavelength side with reduction of temperature. 


Fig.4. Fluorescence and absorption spectra of 
3-monomethylaminophthal imide in ethyl alcohol Fig.5. 
at +20° (solid lines) and -196° (dashed lines). 


*In this case also there is a correlation between the shift of the emission 
band and its position at 20°. This dependence for our solvents is shone in Fig. 
3 by the dashed lines. 


**A similar effect was observed for some acridines. ‘ 
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L te in passing that in going from ~+200° to -196° the width of both the 
> and absorption bands decreases noticeably. 
pser sd regularities of the phthalimide spectrum displacements in the 
-196° temperature range can be characterized by means of the one-dimen- 
11 potential curve model. This model was used earlier® to explain the influ- 
f the solvent on molecular spectra. Fig.5 shows the potential curves for 
und and excited states, shifted relative to each other due to the differ- 
veen the generalized equilibrium radii of the lower and upper electronic 
‘ ro and ro*). The vertical transition from the minimum of the lower curve 
mds to the maximum of the absorption band and, analogously, the vertical 
sition from the minimum of the upper curve corresponds to the maximum of the 
n band. The distance between the minima determines the frequency of the 
‘onic transition. 
Meine sense of the absorption and emission bands towards each other 


gtates. Obviously, the absorption maximum is shifted to the side of lower fre- 
quencies; the emission maximum, to the side of higher frequencies. In this case, 
e at the shifts are equal, the electronic transition frequency should remain un- 
; changed. As may be seen from Fig.4, however, the point of intersection of the ab- 
sorption and emission bands (which gives the probable position of Ve) is shifted 
noticeably in going from +20° to -196°. Since the spectra of Fig.4 are only for 
alcohol solutions further investigation of the absorption spectra at low tempera- 
tures in different solvents is indicated. 

We desire to thank V.V.Zelinskii, A.N.Sevchenko and B.I.Stepanov for valu- 
able suggestions. 
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LUMINESCENCE OF POWDERED MATERIALS 
- Iu. I.Chekalinskaia 


1. In connection with diverse research problems it is sometimes necessary 
to investigate the spectra and other optical attributes of powdered lumines- 
cent substances. The powdery, dispersed state of luminophors greatly compli- 
cates investigation of their optical properties inasmuch as in such cases there 
occurs multiple scattering of the exciting radiation and of the luminescence 
inside the powder. The optical properties of luminophor powders depend not 
only on the quantities characterizing the substance in the bulk (the coeffici- 
ent of absorption, the quantum efficiency, the persistence of emission, etc.), 
but also on the size of the particles, the properties of the binding mediun, 
the degree of packing and other factors. Hence in interpreting the experiment- 
al data one must take into account multiple scattering of light in the powder. 
Many authors neglect the effect of scattering as an insignificant factor but do 
not justify this either experimentally or theoretically. It is possible that 
in some cases scattering is combined with other effects, but even in such cases 
to clarify their mechanism, it is important to separate the effects associated 
with scattering. 

The present report is devoted to the problem of allowing for the effect of 
scattering on the optical properties of powdered luminescent substances. For 
the purposes of determining the dependence of the intensity of luminescence on 
._ the parameters of the light-scattering layer one can make use of the model of a 
light-scattering layerl ,2 proposed by Antonov-Romanovskii, Girin & Stepanov and 


Bodo. According to this model, the light-scattering layer is regarded as a sys- 


tem of elementary laminae whose thickness corresponds to the mean dimensions 
of the particles and whose absorption coefficient is equal to the absorption 
coefficient of the bulk material. é 

Using this model and taking into account the invariance of the properties 
of the light-scattering layer as regards the addition of an elementary lamina,1 
one can deduce the following expressions for the intensity of luminescence of 
a plane powder layer: 


i , 1 aN 
ye (y’ a — f 7 ey b— 0’ 2 Rab 2 =F Rib 
re (v’) (b —1) (1 — RA) (b’ + Ry) 
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{2 —] 12 (v')(b—1)(1— Ra) (b’ +R) | | (2) 
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Here /, is the flux of radiation incident on the "front" of layer, /\’ and 
(2 are the luminescence fluxes emerging from the layer in the direction of the 
incident light (from the back) and in the opposite direction (from the front) 
respectively, N is the number of laminae, y is the quantum yield, <¢(v)isa 
function characterizing the energy distribution over the luminescence spectrum, 
Re and Ri, are the coefficients of reflection of the exciting radiation and 
of the luminescence from an infinitely thick layer and } and /’ are parameters 
of the light scattering layer (here and below the primes denote quantities 
pertaining to the luminescence). According to Stokes3, Jt» and b are given by 
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om Fir (1 Ti RPS and: b ope (t+ TP — RA). (3) 
Here 
A=Vilt t+ Tj —R, +7) 04h, -T)0—-k 7), 
where 
R, f+ Cater ORs (1 =f 


are the coefficients of reflection and transmission of one lamina, / is the 
thickness of a lamina (equal to the mean dimensions of the particles), / is 
the coefficient of absorption of the dispersed material, r, is the coefficient 
of reflection at the binding medium-dispersed substance interface, i.e., at 
the particle boundaries. 

Eqs.(1) and ¢2)* give the dependence of the luminescence flux on the para- 
meters of the light-scattering layer: the absorption coefficients for the ex- 
citing radiation (k) and the luminescence (k’), the particle size, and the indi- 
ces of refraction of the dispersed substance and the binding medium. Knowing 
these constants and the true luminescence spectrum, we can predict the lumines- 
cence spectrum of the powdered luminophor and the way it will change when the 
parameters are varied. We can also solve the inverse problem, namely, find 
the true spectrum and the luminescence yield of the material from the measured 
spectrum and the technical yield of the powder. 

If the luminescence is not absorbed, Eqs.(1) and (2) become 


ve (v') (i — R,) { 
IP = Iy- oe = — J — b-) (1— Reb) 
2 ' 2(1 + (N—1)r'| (i — R207? Wy! )( Ee 
-— ee? eR boy NON (~b79.  R) | (4) 
oer wee gp 
yey pe — RL — an) 10 (5) 
pe ate 1+Kb- 
Ad 
where /’= Se In working with Eqs.(1), (2), (4) & (5) one must employ 
+ Ty 


numerical calculations. Eqs.(1) and (2) differ mainly as regards the positions 
of the elements in the first column, which greatly facilitates tabulation. 

Below we shall consider the dependence of the luminescence flux on only 
some of the parameters of light-scattering layers.1 

2. The variation of the luminescence fluxes as a function of the number of 
elementary laminae for two values of the coefficient of reflection at the parti- 
cle boundaries is shown in Fig.l. It will be seen that the luminescence flux 
emerging from the front (i.e., towards the source of incident light) with in- 
creasing number N of laminae always increases, tending to a limiting value, 
while the flux emerging from the back of the layer first increases, goes through 
a maximum and then falls off. For media with a small value of the reflection 
coefficient / ro = 0.01) the number of elementary lamina at which the maximum 
flux is attained is larger than for media with a large value rene. Sgt The lumi- 
nescence maximum is shifted to the side of smaller values of N with increase 
of k’l. If the radiation is wholly absorbed in the front elementary lamina, 


there is obviously no maximun. 


*These expressions can be used for evaluating the luminescence flux of 
a stack of plates. 


Fig.l. Variation of the luminescence 
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It also follows from Fig.l that 
the luminescence flux emerging from 
the layer towards the source of radi- 
ation (from the front) is always great- 
er than the flux emerging from the 
back. 

3. Fig.2 shows the variation of 
the luminescence flux from an infin- 
itely thick layer as a function of 
the particle size for k = 1000 cm71 
and different values of ks’. In the 
presence of reabsorption (k’(0) and 


In Z56 ln k>k’ , with increasing particle size 


the flux at first increases, goes 
through a maximum and then slowly de- 


fluxes as a function of the number of creases. Consequently, fragmentation 


elementary lamina with é/ = 0.2; 


fT = 


= 0.01 (dash lines): a - /? , 
l1- &le 0.005; 2 - 


r 


! 
0 


of the phosphor (reduction of particle 


= 0.2 (solid lines) andr,= rj = size) in some cases may lead not to 
b- [eos diminution of the brightness, as usual- 
‘Ril =e 0L1. ly observed experimentally4#,12, but to 


0 


o/ 
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Fig.2. Variation of the lumi- 


nescence flux for an infinitely 


thick layer as a function of 


the particle size with r, 
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increase of the brightness due to en- 
hanced scattering. In the absence of reabsorp- 
tion, increase of the particle size is always 
accompanied by increase of the brightness of 
an infinitely thick layer. 

Although scattering undoubtedly plays a 
certain role in the variation of brightness 
with reduction of particle size, the changes 
observed in a number of cases cannot be ex- 
plained entirely by scattering. Thus for ex- 
ample the strong decrease in brightness inci- 
dent to fragmentation of the phosphor NaC1:T1Cl 
cannot be due exclusively to scattering; other 
factors must be invoked to explain the observed4 
attenuation. : 

The dependences described above are in 
agreement with the experimental and theoretical 
data of Ivanov.® 

Having elucidated the influence of differ- 
ent parameters on the effective luminescence 
yield of powdered materials, we can ‘determine 
the conditions for their most efficient utiliza- 
tion. 

4. The technical yield (efficiency) of a 
layer of finite thickness is given by 


Fig.3. Variation of the technical yield as a 


function of the number of elementary laminae 


with r.= 0.2 (solid lines) and ’,= 0.01 
(dash lines): a - #/ = 0.1, b - ¢/ = 0.005; 
Jomo te 005, 20- kl = O.1. 


(1) (2) 
Wy = ee a3 tN T , 

g(t — tty — Ty) 
where /iy and /'y are the coefficients of reflection and transmission of the 
layer for the exciting radiation. The variation of Wy as a function of the 
number of elementary laminae is shown in Fig.3; from this figure it follows that 

1) with increasing layer thickness the technical yield decreases, tending 
to a limit, i.e., to the value of the technical yield of an infinitely thick 
layer; 

2) the technical yield of weakly scattering layers (ro = 0.01) of finite 
thickness is greater than the technical yield of strongly scattering (r, = 0.2) 
layers (for infinitely thick layers the opposite obtains) ; 

3) for weakly scattering media, the technical yield of layers of finite 
thickness is strongly dependent on /’/ and with a small number of laminae is 
almost independent of 4]; in strongly scattering media the k&/ dependence is y 
stronger, particularly in the range of large ik’ l. | 

These results show that scattering may have an appreciable influence on | 
the optical properties of powdered phosphors and that, consequently, it must 
be taken into account in practical applications. Through appropriate variation 
or selection of the binding medium and the particle size, one can attain the . 
most efficient utilization of a given phosphor. . 


5. Luminescent layers are generally applied to a backing or base which af- 
fects the character of the luminescence. The coefficients of reflection of 
the base for the exciting radiation and the luminescence are generally not equal. 
Taking into account multiple reflection of the exciting radiation and the lumi- 
nescence from the backing, we obtain 


TyR | IDTyR+IQUI—RYR)IT YR’ (6) 


L—RyR (1—RyR)(l— Ry) * . 


Ty = IN) +1 


where /??} and /?t’'are the coefficients of reflection from the backing of the excit- hal 
ing radiation and the luminescence, respectively. 

As a rule backings with equally good reflection in a wide spectral range 
are not available. Analysis of Eq.(6) shows that in most cases (and in the ab- 
sence of reabsorption always), it is more advantageous to use a backing with 
high reflection for the luminescence. 

In conclusion, I wish to express my gratitude to B.I.Stepanov for guid- 
ance in the work and valuable advice. | 


Institute of Physics and Mathematics, 
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RESONANCE LUMINESCENCE OF MATTER IN FINITE VOLUMES 


~- A.M, Samson 


Secondary absorption and emission processes occurring in the bulk of the in- 
vestigated substance generally affect the intensity, efficiency, line shape, rate 
of decay and other spectroscopic characteristics of the emerging radiation. This 
influence of secondary processes obviously hampers interpretation of the experi- 
mental data. 

Under laboratory conditions, the influence of secondary processes can be 
minimized by investigating the substance in small volumes or at low concentrations. 
This, however, involves diminution of the total luminescence, which is not always 
acceptable. In some cases (propagation of radiation through the atmosphere, emis- 
sion of stars! ,2, etc.), this method of eliminating the influence of secondary pro- 
cesses is impossible. 

There have been many studies devoted to investigation of the propagation of 
radiation in finite volumes. Astrophysicistsl,2 have achieved notable successes 
in this field, but on the whole, many aspects of this effect have not been ade- 
quately studied. 

In the present work we derived a general integro-differential equation for 
volumes of any shape, which makes it possible to allow for the influence of forced 
emission, the thermal background and nonoptical excitation. Solution of the gener- 
al equation for particular cases allows of evaluating the influence of secondary 
absorption and emission processes on the spectroscopic characteristics of reson- 
ance luminescence. 

If the number of excited and unexcited particles (emissive power and absorp- 
tion) at each point is known, one can determine all the spectroscopic character- 
istics of the radiation. The nonlinear integro-differential equation for the num- 
ber of excited particles at every point can be derived from the usual relation 
for systems of particles with two energy levels: 


= —n,[A + 2B (u,+ uz + Us) + doy + dy2] + n[B (uy+ Us + Us) + dye]. (1) 


Here nz is the density of the excited particles, nis the total particle densi- 
ty, ¢ is the time, A and B are the Einstein probability coefficients and d,, and 
d,, are the nonoptical transition probabilities. Finally, w,,u, and u, denote the 
radiation densities associated with the thermal background, the external source 
and the luminescence of the investigated substance in a given finite volume, re- 
spectively; they all depend on the coordinates (see Ref.4). 

If the nonoptical and thermal excitations are small compared with the excita- 
tion from the external source and one can neglect forced emission, the particular 
solution of the general equation is 

° erate actin (0 ee Oe 
Y¥(6o, 9) = ¥ \ e— (8-9 (6) db M3 Se ae ee (eo) (2) 

Here a3 
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p represents the product of the radius vector of the point in the volume (speci- 
men) by the absorption coefficient “0, y is the quantum efficiency of the elementa- 
ry volume and w(6) is proportional to the emissive power of the light source. The 
@,; are defined by 
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An abe, equals the ratio of the radiation density from the external source at- _ 

3m ed by the absorption in the volume to the density of the nonattenuated radi- 
Eq.(2) gives the number of excited particles at point p, at the instant 0. 

Different particular cases (growth, decay or steady state) are characterized by 

the appropriate form of w (()). Specifically, for steady state conditions (w(0) = 

=wo) it follows from (2) that 


y (fo) — YWo [Dy + 7D, + VD, = 1D, +.. | = {Wo SI 1'D,. (5) 
io 

pb oble in the series (5) has definite physical meaning, namely, the first term 

° proportional to the density of the radiation arriving from outside at the 
given point Po; the second term 1+, to the density of primary luminescence, i.e., 
the radiation due to emission of the particles excited by the external radiation; 
the third term 7°: to the density of secondary luminescence, i.e., the radiation 
due to excitation of the particles by the primary luminescence, and so on. 

The curves of 
Fig.1 show the 
variation of dif- 
ferent orders of 
@ with the opti- 
cal depth for a 
plane-parallel 
layer irradiated 
by a light hess 
normal to it. 

The curves have 
been plotted on 
the basis of 
numerical inte- 
gration for sever- 
al optical layer 
thicknesses: 
%,l = 0.40, 0.80, — 
1.00, 2.00, 3.00 
Fig.1. Variation of radiation densities with the optical depth. and 4.00 (/ is 

the geometric 
thickness of the layer). It will be seen that all the curves (naturally except 
that for @, ) have a maximum within the front half of the layer. With increasing 
optical thickness, the height and position of the maximum tends to the limiting 
value corresponding to x,/ =oo. It will also be evident that for small optical 
thicknesses (x,/ = 0.40, 0.80 and 1.00) the primary luminescence density at each 
point is lower than the density of the radiation from the external source, the 
density of the secondary luminescence is lower than the density of the primary 
luminescence, the density of the tertiary luminescence is lower than that of the \ 
secondary, etc. For large optical thicknesses and at sufficiently high values of 
¥, the density of the preceding order of radiation may be lower than the density 


of the succeeding order. 
If the variation of the @, as a function of the optical depth is known, one 


can, by means of (5), find the total luminescence density (2 y' Mi) and the number 


i=1 


of excited particles (3 xt @,) for any value of the quantum efficiency y. The cal- 
i=0 


0 a6 12 16 C 


Fig.2. Distribution of excited 
particles over the depth. 
Figures at the curves are 
values of y,. 
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culated distributions (in relative units) of ex- 
cited particles over the depth for different 

and y are shown in Fig.2. It will be seen that 
for large y the curves have a maximum close to 

the front surface and that the height of this maxi- 
mum increases with increasing layer thickness. 

Even with y = 0.2 the distribution of excited 
particles differs appreciably from the distribution 
in the absence of secondary processes (the last 

is characterized by the 0.0 curve). The excess 

of excited particles over the number corresponding 
solely to direct excitation by the external source 
even for x,/ = 0.40 and y = 0.2 is only 10%. How- 
ever, with increasing layer thickness this differ- 
ence increases rapidly. For appreciable layer 
thicknesses (large »,/ ) the density of the external 
radiation (and, consequently, the number of parti- 
cles excited by this radiation) at points near the 
back wall amounts to only a small fraction of the 
total density even at medium values of y. 

According to Eq.(2) the distribution of ex- 
cited particles and, consequently, the intensity 
of the emitted radiation varies in a complex manner 
with time. Analysis of Eq.(2) shows, for example, 
that the decay law depends not only on the amount 
of matter in the finite volume and the quantum ef- 
ficiency but also on the conditions of excitation 
and observation. In the case of 
a plane-parallel layer the persist- 
ence of luminescence will differ 
for observation "from the front" 
and "from the back'’. The apparent 
duration of luminescence will also 
depend on the angle of incidence 
of the exciting radiation and on 
the angle of observation. 

Fig.3 shows a number of decay 
curves calculated on the basis of 
Eq. (2), using the approximate formu- 
las derived earlier” for the case 
of irradiation and observation norm- 
al to the layer surface. It will 
be seen that in all cases the decay 


Fig.3. Luminescence decay curves: 1) y = 0.20, is appreciably slower than given by 


observation “from the front", 2) y 


servation "from the back", 
vation "from the front’, 4) 
tion "from the back". 


3) y 
f +—j 


creases with increasing quantum 
At small layer thicknesses 


0.20, ob- the usual exponential law (the slope 


1.00, obser- of the curves is smaller than unity). 


1.00, observa- The thicker the layer, the slower 
the luminescence decay. The per- 
sistence of luminescence also in- 


efficiency. 
(,1 = 0,40) the decay is the same for observation 


"from the front" and "from the back’ (at least for relatively short periods after 
cessation of excitation). In the case of large thicknesses there is a larger dif- 
ference, which increases with increasing thickness. The duration of luminescence 
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for observation "from the back" is always greater than for observation "from in 
front". The increase in the duration of luminescence of finite volumes as compared | 
with the duration of infinitesimal, elementary volumes may be appreciable (as much 
as several orders of magnitude for large volumes). Thus, for example, the duration 
of luminescence with observation "from the back" for x] = 4.00 and y = 1.00 in- 


creases by a factor of 20 as compared with the duration of an infinitely small vol- 
ume. 

One cannot judge of the actual deviation from exponential decay from Fig.3. 
Analysis of Eq.(2) shows that in general decay is not strictly exponential and that 
the deviation from the exponential law is greater for longer times. 

In conclusion I wish to express my deep gratitude to B.I.Stepanov for sug- 
gesting the subject and for his interest in the work. 


Institute of Physics and Mathematics, 
Academy of Sciences of the Belorussian SSR 
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DEPENDENCE OF THE POLARIZATION OF PHOSPHORESCENCE OF ORGANIC MATERIALS 
ON THE VISCOSITY OF THE SOLUTION 
: - B.Ia.Sveshnikov and P.I.Kudriashov 


Many years ago Vavilov & Levshin! in an early investigation concerned with 
the properties of polarized luminescence established that with rare exceptions 
the degree of polarization of the emission of a solution depends on its viscosity 
and is virtually independent of the nature of the solvent per se. Thereby Vavilov 
& Levshin showed that the depolarization of fluorescence in solutions is due to 
Brownian rotational motion. A quantitative interpretation of the effect was first 
given by Levshin.2 More rigorous calculations were subsequently carried out by 
Perrin.? According to his formula, the reciprocal of the polarization of the 
fluorescence is a linear function of the fluidity and depends on three molecular 
constants, namely, the lifetime of the excited state of the molecule, the molecu- 
lar volume and the so-called limit polarization of the fluorescence. This last 
quantity is equivalent to the polarization of fluorescence for an infinitely great 
viscosity. For most fluorescent substances in which the lifetime of the excited 
state is 2-5-10~9 sec and the molecular volume 0.5-5-10-21 cm3, the limit polar- 
ization is virtually attained at a viscosity of 1-2 poise. 

The viscosity dependence of the polarization predicted by Perrin's formula 
was checked by Sevchenko~* on a number of fluorescent solutions. It is particular- 
ly important to note the satisfactory agreement of the experimental and theoreti- 
cal values of the polarization in the viscosity range from hundredths through some 
tenths of a poise, where, with the above-mentioned values of the excited state 
lifetime and molecular volume, the viscosity dependence of the degree of polariza- 
tion is very appreciable. Vavilov® considered this to be one of the more weighty 
proofs of the equality of the molecular and molar viscosities of liquid solutions. 
Inasmuch as the matter of concordance of these viscosities has often been question- 
ed, we felt it would be of interest to repeat the polarization experiments for li- 
quid solutions with greater precision and to extend these studies to solutions 
with viscosities in the range of hundreds and thousands of poise. Obviously, for 
this it was necessary to use fluorescent substances with excited lifetimes of the 
order of 10-6 sec. 

We felt it would be of even greater interest to elucidate the influence of 
viscosity on the polarization of the phosphorescence of organic compounds which, 
as is known, in some cases have emission times of the order of a second and for 
the most part are solid solutions, the viscosity of which exceeds billions of 
poise. 

For our investigation we chose sugar candy activated by acridine orange. It 
is known from the work of Levshin2, Vavilov, Pringsheim & Carelli® and a number 
of other investigators that the phosphorescence and fluorescence (long and short 
persistence emissions) of these phosphors. are identical not only as regards their 
spectrum but also as regards polarization. 

We investigated the polarization of the persistent luminescence of our sugar 
samples by means of three different set-ups. The common components of all were 
a mercury tube, a heat filter, a light filter transmitting the Hg 436 mu line, a 
collimator lens providing a parallel light beam, a thermostat for the specimen, a 
photomultiplier-amplifier combination and two 20 x 20 mm Glan prisms one of which 
- the analyzer - could be rapidly switched from one set position to another. The 
auxiliary components of the first set-up were a high-speed Becquerel phosphoro- 
scope and an electronic oscillograph. In the second set-up the phosphoroscope was 
replaced by a special shutter by means of which the phosphor could be illuminated 
for a precise interval (0.015 or 0.5 sec*), while a loop oscillograph was used as 


*The window of the photomultiplier was opened 0.02 sec after illumination of 
the phosphor. 
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the measuring instrument proper. The third set-up differed from the second in 
that the excitation time in it was not rigorously controlled but was always great- 
er than 2 sec. 

The principal experiments were carried out on the second and third set-ups; 
specifically, we obtained the phosphorescence decay curves for the two positions 
of the analyzer. Comparison of the phosphorescence intensities corresponding to 
the two analyzer positions allowed us to determine the initial values of the polar- 
ization and its variation in the process of decay. The first set-up was used to 
check the initial phosphorescence polarization values obtained on the third set-up 
and for comparing the polarization of the phosphorescence with the polarization of 
the integral luminescence. 

The very first experiments showed that with 
prolonged excitation the initial values of polar- 
ization of phosphorescence fall off as the speci- 
men is heated.* 

The temperature region in which sharpest de- 
crease of polarization occurs is shifted somewhat, 
depending on the temperature of the sugar syrup 
at the time of pouring (Fig.1). If the pouring 
temperature is reduced to 135-1309, which is 10- 
-15° lower than the temperature recommended by 
Fig.1. Variation of the degree most authors for preparing sugar phosphors, there 
of polarization of the phos- is obtained an elastic candy exhibiting a low de- 
phorescence of sugar specimens gree of initial polarization of the phosphores- 
activated with acridine orange cence (Fig.1). In contrast, the degree of polar- 
during heating (the tempera- ization of fluorescence of all the other specimens 
tures at the curves are the proved to be nearly the same ( 27%) within 2-3%** 
temperatures of the syrup at and virtually did not change upon heating of the 
the time of pouring the speci- specimen from 20 to 40°. 
men). We believe these results are convincing proof 

that the degree of polarization of the persistent 
luminescence depends on the viscosity or structure of the medium. With a view to 
elucidating the mechanism of the effect, we attempted to determine the variation 
in degree of polarization in the process of the decay of phosphorescence. 

In Fig.2 we give the decay curves obtained for the two positions of the ana- 
lyzer and with prolonged excitation (> 2 sec). It will be seen from the figure 
that when the initial degree of polarization of the phosphorescence equals the de- 
gree of polarization of the fluorescence (27%), there is no decrease in polariza- 
tion in the process of decay (Fig.2,a), but the polarization does decrease appreci- 
ably when there is a noticeable falling off of the polarization of the luminescence 
by the instant of opening of the photomultiplier window (Fig.2,b & c). 

If we bear in mind that the investigated persistent luminescence of acridine 
orange in sugar in the 20-40° temperature range occurs essentially from the fluo- 
rescence levels and that the polarization of the fluorescence in the given tempera- 
ture range does not change, it is difficult to explain the experimental results 
without assuming that the molecules undergo rotation while in the metastable state. 
We do not know how this rotation occurs, but tentatively assume that it represents 

*It should be noted that in our experiments we avoided intense illumination 
of the specimen. It is known that in case of prolonged illumination with intense 
polarized light and a high phosphorescence yield the polarization of phosphores- 
cence falls off sharply (light saturation effect). In our experiments this ef- 
fect was absent. 

**This depended on the quality of the surface and degree of homogeneity of 
the specimen. 
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Fig.2. Variation of the degree of polarization 

of the phosphorescence of sugar candies activated 

with acridine orange in the process of decay of 

the phosphorescence: a) at 21°, b) at 29.5° and 

c) at 32°. The figures at the points of inter- 

section of the curves with the vertical grid lines 
are degrees of polarization in percent. 


Brownian rotation. Then making use of Perrin's 
formulas, one can show that in first approximation 
the polarization varies with time (during the de- 
cay period) according to the following law: 

Pr, = e~2li—tr) (1) 

Pag . : 

where P;, and P;, are the degrees of polarization at the instants /, and ¢, and 

@ is a constant. - 

Having determined m from the experimental data, we can introduce the appropri- 
ate correction for the decrease of polarization during the period of operation of 
the shutter. In our case this correction does not exceed 20-25% even for the most 
highly heated phosphor. 

Having the value of , we can readily check the validity of the Brownian ro- 
tational motion hypothesis. We can excite the phosphor so rapidly that e# will 
differ little from unity during the excitation interval. Then introducing the ap- 
propriate correction for the operation of the shutter, we should for any tempera- 
ture obtain at the moment of cessation of excitation an initial value of polariza- 
tion equal to the above mentioned value of 27%. 

Yet our measurements for a specimen heated to 32.5° (excitation time 0.015 
sec) after all corrections yielded a value of 13-14% for the initial polarization 
of the phosphorescence instead of the expected 27%. Thus the phosphorescence po- 
larization of the sugar phosphor at 32.5° falls off by a factor of 2 in an inter- 
val from 1078 to 1072 sec, whereas each further factor of two change in the polar- 
ization requires almost 10-1 sec. It follows therefore that the hypothesis that 
the depolarization of phosphorescence is due to Brownian rotational motion must 
be rejected at least as far as the initial stages of phosphorescence are concerned. 

In conclusion, it may be of interest to compare the values of the macroscopic 
viscosity of the sugar candy with the values of the molecular viscosity deduced on 


=-1396 = 


the assumption that the depolarization of phosphorescence observed after 1072 sec 
is due to Brownian rotational motion. In this case 
kT 

? = Tm 
where v is the molecular volume and 7 is the molecular viscosity. The value of 
v for sugar-candy is not known. However, if we take it to be 1-10-21 cm3, from 
the curves of Fig.2 we obtain 1.5-10-§ poise for 32.5° and 107 poise for 29.5°. 
The macroscopic values of the viscosity at 32.5° and 29.5° are much higher, name- 
ly, 1011 and 1012 poise, respectively.* 


"S.I. Vavilov" State Optical Institute 
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of V.T.Slavianskii (we take this occasion to thank him), in which the viscosity of 
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into the investigated specimen with the rate of penetration of the same rod into 
a reference glass sample at a certain temperature. A calibration viscosity vs 
temperature curve for the glass was obtained beforehand on the basis of experiments 
involving stretching of glass filaments under load. 
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VARIATION OF THE DEGREE OF POLARIZATION WITH THE FLUORESCENCE WAVELENGTH 
- G.P.Gurinovich & A.N. Sevchenko 


Over three decades ago Levshin! was among the first to observe variations in 
the degree of polarization of luminescence with the wavelength of the exciting 
light. Levshin varied the exciting wavelength within the range of the long wave- 
length absorption band and noted a decrease in the degree of polarization with 
increase of the incident light frequency. Since then a similar decrease in the 
degree of polarization has been observed for almost all investigated luminescent 
dyes. 

This phenomenon can be explained by the influence of vibrations of the mole- 
cule in the excited electronic state.3 Indeed, the asymmetry properties of the 
electronic state are fundamental to the theory of the polarization of luminescence 
of complex molecules; together with multipolarity these symmetry properties are 
basic classification criteria in molecular spectroscopy. In the case of diatomic 
molecules, the valence vibrations which occur along the molecular axis do not alter 
the symmetry state and hence cannot influence the luminescence polarization. The 
situation is different in the case of complex molecules wherein deformation vibra- 
tions can substantially distort the molecular configuration. In this case, even 
with the classical oscillator model, one cannot assume a single oscillator direc- 
tion but must consider a group of directions inasmuch as the coupling of the oscil- 
lators with the molecular skeleton so to say loses its rigidity. 

From the standpoint of quantum mechanics one can say that the characteristics 
of polarization of fluorescence depend on the transition matrix element components 
in certain specific directions which, in turn, are determined by the symmtery 
properties of the combining states. Clearly, these components may have different 
values if the transitions go to different vibrational sublevels of the upper elec- 
tronic state, associated with the molecular deformations. Thus one can to some 
extent explain the fact that the limiting value of the degree of polarization of 
isotropic solutions does not attain the theoretical values (1/2 or -1/3) and the 
observed decrease in degree of polarization with increase of the exciting photon 
energy within the limits of the long wavelength absorption band. 

An analogous argument leads to the deduction that the limiting value of the 
degree of polarization can also be reduced due to nonequal values of the matrix 
element components associated with transitions from the excited electronic state 
to different vibrational sublevels of the ground state. Accordingly, the degree 
of polarization of luminescence should obviously decrease in going towards the 
long wavelength edge of the luminescence band. Moreover, if the mirror symmetry 
rule* holds for the given substance, then as Stepanov” has shown 


2 = b* * pe 
Pyip yin)? = Pvip(Evip) With Evin = Phin: 


i.e., the wave functions characterizing the vibrational sublevels of the lower 
and upper electronic states are equal for the same reserve of vibrational energy. 
This situation imposes certain requirements which must obviously be evinced in 
an equal influence of the vibrations of the molecule in both states (ground and 
excited) on the relative orientation of the transition dipole moment. In this 
case the polarization of fluorescence must also possess mirror symmetry relative 
to the frequency of the purely electronic transition. This is yet another conse- 
quence of the law of mirror symmetry. If there is no mirror symmetry, the polar- 
ization will simply decrease to both sides of the frequency of the pure electronic 
transition. 

The influence of the molecular vibrations on the limiting degree of polar- 
ization can be quantitatively taken into account by means of Jablonski's theory® 
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according to which the maximum polarization P, is connected with -=sin*y (y is 
the angle through which the oscillator axis turns during the vibrations) by the 
relation 


Qe? — 12e +4 
Po ==: 
de* — 4e +8 


To check the above reasoning we carried out an experimental investigation of 
the variation in the degree of polarization with the wavelength of the exciting 
and emitted radiation. The experimental arrangement is diagramed in Fig.l. The 

light from the SVDSh-250 mercury tube S, after passing 


sane through the quartz monochromator My and the polarizer Nj, 
excited the luminescence of the investigated solution in 
cell K. The luminescence, after passing through the ana- 
lyzer Nop and the glass monochromator Mg, was detected by 
the photomultiplier PM connected through the de amplifier 
A to the galvanometer G. In order to minimize possible 
“ih errors, in investigating the variation of the degree of 
/N\" polarization with the luminescence wavelength, the ana- 
PM lyzer No, rather than the polarizer N,, was rotated 90°; 
(AE Eat «| on the other hand, in determining the variation in polar- 
ization with the wavelength of the exciting light, the 


analyzer No was rotated. An appropriate correction (con- 
A stant for each experiment) was made for the partial polar- 
ization of the light by the monochromators. 


/ & The results obtained for 3-monomethylaminophthali- 
Fig.1. Diagram of ex- mide, in which mirror symmetry obtains to a fairly high 
perimental set-up. degree, are shown in Fig.2. The emission and lumines- 

cence spectra were obtained by L.G. Pikulik. 
=z It will be seen that the degree of polar- 
P% a,” ization falls off noticeably to either 
45+ 40 side of the frequency of the electronic 


transition. It will be noted that the 
polarization curves are also characterized 


A ad by a high degree of mirror symmetry. The 
left-hand arrow in Fig.2 indicates the 
2 7 2 2 9 luminescence frequency for which the polar- 
y.0icx-+ ization measurements at different frequen- 
Fig.2. Variation of the degree of cies of the exciting light were made, while 
polarization with the excitation and the right-hand arrow indicates the frequen- 
luminescence wavelength for 3-mono- cy of the exciting light at which the vari- 
methylaminophthalimide in glycerol. ation in the degree of polarization over 


the luminescence spectrum was measured. 
Similar measurements were carried out for fluorescein and rhodamine B, extra. 
The results for these substances are listed in Tables 1 and 2. 
It will be evident that the tabular data substantiates the argument set forth 
above. It may be noted that similar measurements were performed many years ago 
by Vavilov’ who came to the conclusion that the polarization does not depend on 
the fluorescence wavelength within the limits of the experimental error. This 


‘disagreement with our results may be explained by the fact that the Kdénig-Martens 


spectrophotometer used by Vavilov did not afford the necessary accuracy; moreover 
Vavilov investigated only a very narrow spectrum interval. 

As is known, the theoretical value of the maximum degree of polarization for 
isotropic solutions is 1/2. In view of the above, we felt it would be of interest 
to determine the actual limiting degree of polarization under different conditions 


- 1399 - 
Table 1 Table 2 

Wavelength dependence of P for Wavelength dependence of P for 

fluorescein in glycerol rhodamine B (extra) in glycerol 

ON Ay yMProxc =00MH) OF Royo My yy Sismu) ON A ymexc=F46 mu)|OT Aoxc (yy yp==580 MH) 
Mumm | P,% jrexe™ | P, % Aum | P% |rexo™| Py 
693 35,0 380 34,5 660 34,6 470 36,0 
667,4 35,4 400 30,6 650 36,2 480 36,8 
652 38,6 420 36,2 640 39,0 490 37,3 
618 38,8 440 37,0 630 39,4 200 siya 
589 3957 460 38,0 610 39,7 510 38, 4 
964 40,1 480 39,4 600 41,2 520 38,9 
543 40,7 900 40,1 590 41,0 530 39,1 
535 40,95 520 40,5 580 41,2 540 41,1 
970 41,4 550 41,9 
560 42,1 560 43,0 
970 43,1 

Table 3 experimentally. The results obtained for 3- 
P. % -monomethylaminophthalimide are listed in Table 


3. The viscosity in these experiments was vari- 
ats Qexo=85 mu, | Apye=365 mu, ed by changing the water content of the water- 
TSO} yp 465 mn) Aan 18 mH) -glycerol solvent. 

It will be seen that the maximum degree of 
polarization in the first case (Aexc = 435 mu, 


4 
ene 4 5'8 N1um = 465 mu) increased appreciably with in- 
Ab ae oe crease of n, but did not attain 50%, which indi- 
4,84 21'0 18/0 cates the presence of depolarizing factors. Ap- 
ees | 43,0 35,7 parently, if one could excite the luminescence 


at the frequency of the pure electronic transi- 
P, % 46,0 38, 0* tion and measure the degree of polarization of 
the fluorescence at the same frequency, one might 
obtain a higher value for the degree of polariza- 


-“-_—-—--—-- 


*The maximum degree of polariza- 


tion under the usual conditions tion. In practice, howevér, such measurements 

c izati sed ove ° : spre A 
(depolarization averaged over the are hindered by obvious experimental difficulties. 
entire fluorescence spectrum) re-— ; ; 
ported by A.M.Sarzhevskii is 40%, We also felt it would be of interest to in- 


vestigate the variation of the degree of polar- 

ization with the luminescence wavelength for 
porphin type dyes (these compounds are related to the natural pigment, chlorophyll), 
inasmuch as these substances have complex luminescent spectra, consisting of two, 
three or more bands. In fact, investigations of this kind may help understand 
the structure of these dyes. 

Our experiments showed that the lumi- 
2% I) nescence wavelength dependence of the degree 

20 +10 é of polarization differs from that character- 
istic of other dyes. As may be seen from 
Fig.3, which shows the results obtained for 
a solution of protoporphyrin IX in a cyclo- 

” > a6 hexanol-glycerin mixture, each band is char- 
acterized by a different degree of polariza- 
tion. The luminescence was excited by light 

' ~J ; from an SVDSh-250 mercury tube filtered 
* # 5 % 7 through black glass. The greatest degree 

_ Fig.3. Variation of the degree of of polarization is observed in the short 
polarization with the luminescence wavelength fluorescence band; the degree of 
+q 


wavelength for protoporphyrin IX. polarization falls off by half in the second 
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Fig.4. Variation of the degree 
of polarization with the lumi- 
nescence wavelength for mag- 
nesium phthalocyanin. 
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Fig.5. Luminescence spectra 
of protoporphyrin IX obtained 
under different conditions. 


- 1400 - 


band and virtually to zero in the third. 

The analogous results for magnesium phthalo- 
cyanin are shown in Fig.4 (AXexo = 670 mu). So 
strong a wavelength dependence cannot be explained 
by the influence of molecular vibrations and indi- 
cates that a number of electronic transitions con- 
tribute to the luminescence of compounds in this 
class. It must be noted that the polarization 
spectra given in the literature for compounds of 
this type were obtained for the integral lumines- 
cence spectrum and hence are of little value as 
characteristics of the spatial distribution of 
the absorption and emission oscillators. From 
this standpoint one must record polarization spec- 
tra for each fluorescence band separately. How- 
ever, for chlorophyll, phthalocyanin, chlorophyl- 
lide and a number of similar compounds this is not 
important inasmuch as the intensity of the second 
band is much lower than that of the first and its 
influence on the polarization is therefore negli- 
gible. This does not apply of course to proto- 
porphyrin and most dyes of this type. 

Another interesting fact connected with the 
observed strong luminescence wavelength dependence 
of the degree of polarization is the dependence 
of the luminescence spectra of viscous solutions 
of porphin dyes recorded through a polarizer on 
the state of polarization and wavelength of the 
exciting light. 

By way of illustration, three luminescence 
spectra of a solution of protoporphyrin IX ina 
mixture of cyclohexanol and glycerol are shown in 
Fig.5. Spectrum I was recorded with excitation 
by natural light and without an analyzer, i.e., 
under the "usual" experimental conditions. Owing 
to the low luminescence intensity, the spectrum 


was excited by nonmonochromatic light (light from a SVDSh-250 mercury tube filter- 


ed through black glass). 


This spectrum agrees within the limits of the experiment- 


al error with the spectrum with excitation from one side and observation from the 


other. 


Spectrum II was obtained with excitation by polarized light with vertical 


oscillations of the electric vector and the luminescence passing through an ana- 
lyzer set to transmit the vertical oscillations, i.e., polarization in the same 


plane as the exciting light. 


Finally, spectrum III was recorded with excitation 


by horizontally polarized light with the same vertical position of the analyzer. 
As will be evident from the figure, the three spectra virtually coincide at 
the long wavelength luminescence band, differ somewhat at the middle band and 


differ very appreciably 
of the second and third 
middle band, 1.2 and at 
that with excitation of 
404.6 mu line the three 
identical. 


at the short wavelength band. 
spectra at the short wavelength band is about 1.5; at the 
the long wavelength band 1.1. 
the luminescence through a filter transmitting the Hg 

spectra recorded under the same conditions are virtually 


The ratio of intensities 


It is interesting to note 
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The results of all the above measurements are in satisfactory agreement with 
determinations of degree of polarization over the fluorescence spectrum. 

Analogous results were obtained for a solution of magnesium phthalocyanin in 
the same solvent. However, in view of the fact that the second band in the spec- 
trum of this compound is very weak compared with the first one, the accuracy of 
measurement within this band was necessarily relatively low. Some difference be- 
tween the luminescence band contours should obviously be observed under the given 
experimental conditions for all typical dyes in viscous solvents. These differ- 
ences, however, are not great. 

We desire to acknowledge our indebtedness to T.N.Godnev for making available 
the various dyes and reagents. 


Institute of Physics and Mathematics 
Academy of Sciences of the Belorussian SSR 
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POLARIZATION OF THE LUMINESCENCE OF PHTHALIMIDES 
- A.M.Sarzhevskii & A.N.Sevchenko 


The luminescence of phthalimides in viscous solutions is polarized. With ; 
excitation by polarized light in the region of the long wavelength absorption 
band, the polarization of luminescence for all the investigated phthalimides ex- 
ceeds 30%. The degree of polarization was determined visually by means of a Saw- 
yer polariscope and by a photoelectric technique based on the use of an SF-4 spec- 
trophotometer especially adopted for polarization measurements. 

All the polarization measurements were carried out in glycerol solutions and 
mixtures of glycerol with water and alcohol (methyl, ethyl and isobutyl). The 
concentration in all the experiments was 5-10-6 g/cm. 

There have been many investigations devoted to the influence of the tempera- 
ture and nature of the solvent on the polarization of luminescence, but most of 
them are concerned with diverse different substances. We, on the other hand, con- 
centrated on one type Of substance, namely, phthalimide derivatives. 

The relation between the luminescence polarization, the temperature and the 
viscosity is given by the familiar Levshin-Perrin formula: 

1 1 ( 1 Vy ge (1) 


Points 


ee Bey ai 

This formula predicts a linear dependence of 1/P on T/n. 

We investigated the degree of polarization of the luminescence of a number 
of phthalimides as a function of the temperature in the range from 20 to 100°. 
The variation of 1/P with T/n proved to be linear for all the investigated com- 


' pounds (Fig.1). The degree of polarization of the luminescence falls off rapidly 


with increase in temperature. For example, for 3-monomethylaminophthalimide 
(curve 2) the degree of polarization falls off from 37 to 4.5% as the temperature 
is increased from 20 to 90°; for 3-aminophthalimide (curve 4) the decrease is even 
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Fig.1 

Fig.1. Temperature dependence of the polarization of luminescence of phthalimides: 
1) 3-dimethylamino-6-aminophthalimide, 2) 3-monomethylaminophthalimide, 3) 4- 
-formylamino-N-methylphthalimide and 4) 3-aminophthalimide. 

Fig.2. Variation of the polarization of luminescence with the viscosity for 

3-dimethylamino-6-aminophthalimide: 1) water glycerol solution, 2) methyl 

alcohol-glycerol solution, 3) ethyl alcohol-glycerol solution, 4) isobutyl 

alcohol-glycerol solution, and 5) for 4-formylamino-N-methylphthalimide. 
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more rapid: the polarization falls to 6% at 55°. Similar dependences were observ- 
ed for all the investigated phthalimide derivatives. 

In addition to the temperature dependences, we also investigated the influ- 
ence of the nature of the solvent. The data for two phthalimide derivatives, 
namely, 3-dimethylamino-6-aminophthalimide and 4-formylamino-N-methylphthalimide, 
which represent typical extreme cases, are shown in Fig.2. In the case of 3-di- 
methylamino-6-aminophthalimide, in going from a water-glycerol solution to a mix- 
ture of isobutyl alcohol with glycerol the dependence of 1/P on T/n is noticeably 
altered. Whereas for the water-glycerol solution P = 14.3% at T/n = 2000, for the 
isobutyl-glycerol solution of the same viscosity P = 6.8%, i.e., the polarization 
of the solution in isobutyl alcohol with glycerol falls off twice as fast as in 
the water-glycerol solution. No such appreciable difference is observed in the 
case of 4-formylamino-N-methylphthalimide: the straight line plots for the water- 
-glycerol and alcohol-glycerol mixtures virtually coincide. The dependence char- 
acteristic of 3-dimethylamino-6-aminophthalimide is also observed for 3-amino-N- 
-methylphthalimide, 4-aminophthalimide, 3- monomethylaminophthalimide, 3,6-diamino- 
-N-methylphthalimide, 3-acetylamino-N-methylphthalimide and 3,6-diacetylamino-N- . 
-methylphthalimide. On the other hand, the behavior of 3-aminophthalimide, 3- 
‘-amino-N-phthalimide and 3-oxy-N-methylphthalimide is similar to that of 4-formyl- 
amino-N-methyl phthalimide. 

Thus the experimental data indicate that the Levshin-Perrin formula is valid 
for this case of substances and that there is a consistent correspondence between 
the molar and molecular viscosities. Years ago this formula was used for deter- 
mining the lifetime of the excited state. The molecular volume entering into the 
formula was determined by a diffusion procedure. At present the lifetime T can 
be measured with good accuracy by means of fluorometers. Hence this formula can 
now be utilized for determining the molecular volume including the surrounding 
solvate shell. Accordingly, we determined the molecular volumes of the different 
phthalimide derivatives in different solvents and mixtures thereof. The excited 
state lifetimes were measured on a Bonch-Bruevich phase fluorometer. The deter- 
mined values together with the values of P, are listed in Table 1. 

As will be evident from the data given in Table 2, the molecular volumes of 
the phthalimides increase appreciably in solution as compared with the volume in 
the solid state. For example, the 3-dimethylamino-6-aminophthalimide molecule, 
Which has a gram molecular volume of 70 cm? in the solid state, when dissolved 
in ethylene glycol attains a volume of 750 em3, in glycerol - 269 em? and in iso- 
butyl alcohol - 572 cm3. The greatest volume is observed in the water-glycerol 
mixture, namely, 993 cm3 or 15 times greater than in the solid state. Similar 
solvation effects are characteristic of the other phthalimide derivative molecules. 

In order to check our results we also investigated fluorescein, rhodamine B 
and chlorophyll, the gram molecular weights of which were measured by Marinesco? 
by the diffusion procedure. Marinesco reports the following values: fluorescein 
in glycerol - 480 cm, rhodamine B in glycerol - 520 cm3 and chlorophyll in castor 
oil - 2600 A%. Our measurements for the same substances in the same solvents 
yielded close values: fluorescein - 490 em, rhodamine B - 580 cm? and chlorophyll 
- 2500 AS. - 

However, the results of measurements of the molecular volumes by the same 
procedure carried out by Gribkov & Zhevandrov’ and Zhevandrov & Nikolaev? do not 
agree among themselves or with our results. Thus, for example, for 3-aminophthal- 
imide in glycerol in the first case G & Z obtained t = 6.3-1078 sec, P, = 34% and 
V = 61 cm”, while in the second case Z & N obtained T = 11.5-1079 sec, Po = 40% 
and V = 190 43 (114 em?). It must be noted that in the later report® nothing is 
said concerning this descrepancy. 
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According to our measurements, the data for 3-aminophthalimide are Tt = 13.6: 
-1079 sec, P, = 32.2% and V = 78 cm3, We note that our data on the lifetimes for 
such thoroughly studied substances as fluorescein and rhodamine B agree with the 
results of measurements by different authors®,6 using different procedures. 
over, the results of our polarization measurements for 3-aminophthalimide and 


other substances are not in conflict with the data of Feofilov.? 


More- 
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Fig.3. Polarization and absorption spectra of 4-amino-N-methylphthalimide (1) and 
3-dimethylamino-6-aminophthalimide (2) in glycerol. 
Fig.4. Nature of the elementary emitter of 4-amino-N-methylphthalimide. 


In’ the light of our data the deduction of Zhevandrov & Nikolaev4 regarding 
the nonequivalence of the micro- and macroviscosities of phthalimides in glycerol 
solutions appears questionable. If one assumes, as would follow from the data of 
Z&N, that the microviscosity is lower than the macroviscosity, it becomes dif- 
ficult to understand the high value for the limiting polarization obtained by 
these authors. 

In addition to the above described measurements, we investigated the polariza- 
tion spectra of eleven phthalimide derivatives (the polarization spectra of 3-amino- 
phthalimide, 3-monoethylaminophthalimide and 4-aminophthalimide had been studied 
earlier by Feofilov’). By way of illustration, the spectra of two of these are 
reproduced in Fig.3. It will be seen that the values of polarization correspond- 
ing to each absorption band are different. Consequently, the absorption and polar- 
ization spectra can serve as reliable indicators of the chemical structure of these 
substances. A regular decrease in polarization is observed in the region of the 
long wavelength absorption band. 

Finally, we used Vavilov's method to determine the nature of the elementary 
oscillators. According to Feofilov® when the emitting and absorbing oscillators 
are dipoles and have the same direction for Ppa, < 0.5, the following relationship 
obtains 


a cos? 7 
P (1) = Po 4— Py sin? yn’ (2) 


where y is the angle between the exciting vector and the vertical. If we rewrite 
this expression in the form 
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then in 1/P vs tan? n coordinates we obtain a straight line. In the case of di- 
pole absorption and quadrupole emission (d-—»q) we will also have a straight line, 
but with a slope differing from that in the d-—-d case9. In Fig.4 we show three 
straight line plots for 4-amino-N-methylphthalimide: 1 - the theoretical plot for 
the d--d case, 2 - the experimental plot, and 3 - the theoretical plot for dg. 
It will be seen that the first and second plots are very close, while the third 
has an appreciably steeper slope. This indicates that for 4-amino-N-methylphthal- 
imide we have the d-—-d case. The data obtained for the other phthalimide deriva- 
tives also indicate that the absorption and emission oscillators are dipoles. 

We desire to express our sincere gratitude to V.V.Zelinskii for providing 
the phthalimide samples and to A.M.Bonch-Bruevich, V.I.Shirokov and G.A.Tishchenko 
for making it possible to perform the fluorometric measurements. 


Institute of Physics and Mathematics 
. Academy of Sciences of the Belorussian SSR 
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CHARACTERISTICS OF THE LUMINESCENCE OF DIFURYLPOLYENES 
- P.F.Nepochatykh I} 


Difur(fur)ylpolyenes are organic compounds the molecules of which consist of 
two furan five-membered rings linked by chains comprising alternating single and 
double conjugated bonds: —-CH==CH. 

We investigated the following compounds containing a CO or COCO group in the 
chain: 

A) 1,6-difuryl-hexadiene-1 ,5-dion-3, 4: 


| | — CH = cH — coco —cu =cu—| 
Ww 
B) difuryl-1,10-decatetraene-1,3,7,9-dion-5,6: 


| |—cu=cH—cH = cH — coco —cu = cH —cH = cH | | 
Y, 4 
O 


O 
C) difuryl-1,9-decatetraene-1,3,7,9-dion-5: 


| |—CH =cu —cH =cH —co—cH =cH—cu =cu —| | 
a ‘ ti 

All these compounds are crystalline substances not soluble in water but dis- 
solving in ethyl and methyl alcohols, glycol, hexane and acetone. 

The configuration of the atoms in the five-membered furan ring is planarl; 
the angles between the bonds are C-0-C = 107°, 0-C-C = 109° and C-C-C = 107° in 
the equilibrium state; the interatomic distances are: 1.35 A for C=C, 1.46 A for 
C—C and 1.41 A for C—O. 

The long chains consisting of C—C and C=C bonds are characterized by a 
plane structure. The angles between the single and double bonds are 120°; the 
separations between the polyene chain atoms are 1.54 A in the case of the single 
bonds and 1.34 A in the case of the double bonds. 

Comparing the difurylpolyene molecules with the molecules of such thoroughly 
studied polycyclic compounds as naphthalene, anthracene and other dyes we note | 
that 1) both groups are characterized by a plane configuration of the atoms and i 
bonds and 2) the polyene molecules have a comparatively elongated structure, in 
view of which they may be regarded as fine fibers, whereas the polycyclic compound 
molecules may be thought of as sheets or ribbons. 

In undertaking the present research our purpose was to elucidate how these 
differences in the atomic and bond configurations affect the polarization charac- 
teristics of the luminescence; in addition, we deemed it desirable to determine 
to what extent the Levshin-Perrin formula 


beat (+ A) ay 


which correctly describes the properties of many dyes and polycyclic compounds, 
is applicable to polyenes. 

In Eq.(1) P, is the limit polarization, P is the degree of polarization under 
the experimental conditions, n is the macroscopic viscosity, v is the molecular 
volume and tT is the lifetime of the excited state. The formula was deduced on 
the basis of the theory of Brownian motion and the laws of hydrodynamics, it being 

assumed in the derivation that the molecules are spherical. 


* 
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However, as was noted above, actually difurylpolyene molecules are more like 
fibers burdened with complex atomic groups (the furan rings). Hence one might 
reasonably expect an appreciable difference between the values of tT calculated by 
means of Eq.(1) and the values determined experimentally on a fluorometer. The 
results of our experiments and calculations are given below. 

We investigated the polyenes in alcohol and glycerol solutions. Measurements 
of the degree of polarization of the luminescence were made by means of a Sawyer 
polariscope with a compensating stack; for control purposes we also made a number 
of measurements by means of a Cornu polarimeter. The viscosity of the solutions 
were determined in a Hepler viscometer (falling ball method) to within 0.1%. The 
temperatures in the luminescence cell and the viscometer were maintained constant 
by means of a thermostat to within +1°. The measurements were made at 10° inter- 
vals in the range from 293 to 393°K. 
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Fig.1. Polarization of luminescence: 1) 1,6-difuryl-hexadiene-1,5-dion-3,4, 2) di- 
furyl-1,10-decatetraene-1,3,7,9-dion-5,6 and 3) difuryl-1,9-decatetraene-1,3,7,9- 
-dion-5. 
Fig.2. Quenching of luminescence by aniline in an alcohol solution of 
difuryl-1 ,9-decatetraene-1 ,3,7,9-dion-5. 
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Notes: P. is the limit polarization in glycerol solutions. Excited state 
lifetimes: t - measured on the fluorometer at 293° in glycerol solution, 
T, determined from the polarization measurements by means of Eq.(1), To - 
measured on the fluorometer in an alcohol solution at 77°K. v - molecu- 
lar volume determined by means of Eq.(1), », - volume determined from the 


density in the solid state. c¢ - concentration in g em-3-1078, 


The experimental results are plotted in Fig.1 and listed in the accompanying 
table. It will be evident from Fig.l that the linear relation between 1/P and T/y 
predicted by Eq.(1) obtains for all the investigated compounds. 

The excited state lifetimes were determined on the phase fluorometer of the 
Physical Institute of the USSR Academy of Sciences. The molecular volumes of the 
fluorescent particles, needed for determining t by means of Eq. (1) were determined 
from the molecular weight and the density in the solid state. 2 
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Conclusions 


1. Increase in the length of the chain comprised by the 
single and double conjugated bonds leads to a decrease of the 
limit polarization: for example, introduction of a chain of 
four links, —CH=CH—CH=—CH-reduces the limit polarization 
by 12.1%. 

2. The CO group has a very appreciable influence on the 
degree of polarization. Introduction of this group into the 
polyene chain brings down the degree of polarization by 5.7%. 
This will be evident from a comparison of the limit polariza- 
tion values for compounds B and C. 

3. The excited state lifetimes as determined on the flu- 
orometer and from the polarization measurements do not agree, 
which can be explained by a deviation of the actual molecular 
shape from the spherical. The difference between the respect- 
ive values does not exceed 20%. 

4. The fluorescence of solutions of the investigated com- 
pounds is quenched by aniline (Fig.2); other quenching agents 
such as Kal, NaI and NaBr have no noticeable effect. Ina 
nonpolar solvent - hexane - the fluorescence yield is very 
low. If a polar solvent (ethyl alcohol) is gradually added 
to the hexane, the luminescence intensity gradually increases 
to a certain peak value. The variation of the luminescence 
intensity with the polar solvent concentration is shown in 
Fig.3. Heating of the solution results in quenching of the 
luminescence. 

We believe the increase in intensity is due to the influ- 
ence of the polar molecules on the interaction between the 
solute and solvent molecules. 


We desire to thank V.L.Levshin for his interest in the work, M.D.Galanin for 
assistance in the fluorometric measurements and B.A. Arbuzova for supplying the 
investigated compounds. 
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DISCUSSION FOLLOWING THE REPORTS OF SARZHEVSKII & SEVCHENKO AND NEPOCHATYKH 


N.D. Zhevandrov; The two-fold difference between our experimental molecular 
volumes, mentioned by Sevchenko, can readily be explained: there was an interval 
of three years between the two studies (Refs.3 & 4 of the S & S report) and the 
data pertain to different batches of glycerol. Even distilled glycerol always 
contains a certain amount of water and the sensitivity of the method to the sol- 
vent has been demonstrated repeatedly (it follows from the work of S & S). 

As for interpretation of the results from the viewpoint of solvate shells 
or differences between the macroscopic and molecular viscosities, we feel that 
this is an argument about definitions inasmuch as the physical nature of the ef- 
fect consists in the interaction of the fields of the dissolved molecules with 
the molecules of the solvent. 

M.D.Galanin: Use of the Perrin formula for determining molecular volumes is 
based on two assumptions: first, that the microviscosity, which plays a role in 
rotation of molecules, is exactly equal to the macroviscosity measured on a visco- 
meter, and, second, that the molecule can be represented by a solid sphere model 
with radius r, the molecular volume being equal to 4nr3/3. Obviously, both as- 
sumptions are approximate and cannot be rigorously justified. Hence I believe 
use of this procedure for determining molecular volumes and, in particular, for 
deciding the question of the existence of "solvate shells" is erroneous. One can 
expect agreement between the calculated value of the molecular volume and the 
true volume of the molecule solely as regards order of magnitude and the results 
should be interpreted only as an indication that the micro- and macro-viscosities 
are not too dissimilar. 

A.N.Sevchenko: A certain difference between the micro and macroviscosities 
is possible in principle. However, the extensive experimental data on polariza- 
tion obtained at different times by different investigators unquestionably indi- 
cate that there is a linear relation between the molecular and the molar viscosi- 
ty. This is why Vavilov proposed this method for determining the volume of sol- 
vate shells. On the basis of our experimental data for different molecules, it 
may be asserted that in a solvent the shape of the molecules is nearly spherical. 
A direct proof of the accuracy of this method is the fact that the values of sol- 
vate shell volumes determined by independent methods (Perrin, Marinesco and others) 
agree. Hence, I feel that M.D.Galanin's reasoning is not convincing. 
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CONTRIBUTION TO THE QUANTUM MECHANICAL THEORY OF FERROELECTRICITY 
- R.E. Pasynkov 


The aim of the present paper is to examine some of the aspects of the quantum 


mechanicam theory of ferroelectricity. 


At present there are two outstanding treatments of ferroelectricity in which 
the formalism of quantum mechanics is employed: the theory of Barrett! and the 
"electronic theory'' of Jaynes-Wigner.2 The two treatments are based on essentially 
different mechanisms. 

Barrett's theory may be described as a quantum mechanical treatment of Slater's 
model? of anharmonic oscillators. The rise of spontaneous polarization is assumed 
to be due to displacement of the central Ti or Sr ions, which execute anharmonic 
vibrations inside the stationary oxygen octahedra. 

The physical mechanism fundamental to the electronic theory of Jaynes-Wigner 
is in a sense opposite to that assumed by Barrett. In Jaynes' work the quantum 
mechanical effects are taken into account only in considering the states of the 
electronic structure of the entire complex of ferroactive ions. The source of 


‘spontaneous polarization is perturbation of this structure. In Jaynes' treatment 


electronic displacements are relegated to a minor role, essentially similar to 
that attributed to deformations of the electron shells in the work of Barrett! and 
Slater3. There are a number of objections to the basic premises of the electron- 
is theory. 4 The most serious difficulty, in our opinion, is the impossibility of 
explaining the frequency relaxation effect, resulting in a great decrease of the 
dielectric constant. At the same time the possibility - demonstrated by Jaynes - 
that spontaneous polarization can arise as a result solely of spontaneous deforma- 
tions of the electron shells is an important result which cannot be ignored in con- 
structing a microscopic theory. 

Hence it would appear expedient to consider both sources of ferroelectricity, 
electronic and ionic, jointly. By way of the first step in this direction we pro- 
pose the following model. 

The ferroelectrically active ionic complex (in the case of the perovskite 
structure, the oxygen octahedron and the central ion) may be regarded as an inde- 
pendent molecule. The interaction of such molecules with each other is taken into 
account by introducing an effective field 


Foy; = 1) E + 2) 3x; (Pi +P), (1) 


where P; is the component of the polarization due to displacement of the ions, 
P, is the electronic polarization, E is the applied field and »; and §,; are con- 
stants. The individual ions comprising the molecule can perform anharmonic oscil- 
lations. 

Let us consider the Hamiltonian operator for such a system of microparticles: 


H 7y- tai am. j ' s Cj TjFK - > qf i ; ; ve CiRIL jE HL pH Mixim PERT ng (2) 
j a jk P yh jkim 
where the 2; are the displacements and the mm, the masses of the particles. The 


indices hia / and m depend both on the number of the particle and the number of 
the coordinate characterizing the displacement of the given microparticle from 
the equilibrium position. 

If in (2) we discard terms of powers higher than 1; 7;, as well as mixed "elec- 
tronic-ionic” terms, and introduce normal coordinates, H7 will be a quadratic .func- 
tion of the normal coordinates. In this case we will have additivity of the parti- 
cle energies and then the partition function 


where W,;,, and W,;,, are the corresponding matrix elements. 
In this approximation ferroelectricity can arise only owing to electronic 
effects, inasmuch as here, as in the work of Jaynes2, we obtain an equation of 
_ state linear with respection to ionic polarization. In order to take into account | 
the ionic source of spontaneous polarization one must include in the expression 
aa “LOY H terms of higher powers pertaining to the ionic displacements (but no mixed 
_ electronic-ionic terms). This problem can be solved in the framework of pertur- 
bation theory, i.e., by a procedure analogous to that employed by Barrettl, and | 
represents a significant step forward inasmuch as in this case the equation of 
state is nonlinear with respect to both the electronic and the ionic components 
of the total polarization; in other words, we have taken into account both sources || 
of ferroelectricity without making any assumptions rougher than those made in the 
work of Barrett and Jaynes. Just as in these works, the electronic-ionic interac- | 
tion is taken into account only through the effective field. If we wish to take 
into account the correlation between the electronic and ionic states directly we 
. must use the general form of the Hamiltonian (see Ref.2), which involves determin- 
ing the interaction coefficients c;,; and bj;;,. This problem is a complicated one 
inasmuch as it requires theoretical solution of the problem of the coupling be- 
tween the structural elements of the ferroelectric unit cell. 
] 
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ON THE ELECTRIC FIELD DEPENDENCE OF THE DIELECTRIC CONSTANTS OF FERROELECTRICS 
- I.V.Liagin & Ia.I.Geivashovich 


The physical properties of many ferroelectric materials, including barium 
titanate, are highly sensitive to external influences. In some cases the nonline- 
ar effects involved are so appreciable that they cannot be neglected. The non- 
linear effects in ferroelectrics connected with the external field dependence of 
the dielectric constant were first discussed almost a decade ago by Ginzburg.1} 
Subsequently, this nonlinearity has been considered from both the theoretical and 
experimental standpoints by Rzhanov2, Verbitskaia® and Vul4 and others. 

The theory of ferroelectrics!,5,6,7 in which domain structure is not taken 
into account leads to correct order of magnitude values for the dielectric cons- 
tant and generally satisfactorily explains the experimentally observed temperature 
dependence of the constant. However, attempts’,8 to interpret the hysteresis loops 
from the standpoint of the single domain thermodynamic theory proved to be less 
successful: theoretical calculations yielded an excessively high value for the co- 
ercive force. Apparently, the domain structure plays a significant role in hyster- 
esis effects. Owing to the displacement of domain walls and the formation of new 
domains, a crystal may transform from the state in which the polarization vector 
P is antiparallel to the field to the state in which the vector is parallel to 
the field before the former state becomes thermodynamically unstable for the crys- 
tal as a whole. Nevertheless, the heightened interest in domain structure (parti- 
cularly, in barium titanate), although it helped clarify some of the regularities 
involved, led, we feel, to an overevaluation of the importance of domains in ferro- 
electric effects on the part of certain investigators. We believe that domain 
structure, particularly in the range of low fields, plays a subsidiary role and 
that here one can apply with good approximation the single domain thermodynamic 
theory.” 

In the present paper we shall consider the dependence of the dielectric sus- 
ceptibility tensor components on the external electric field in the low field re- 
gion from the standpoint of the thermodynamic theory of a single domain single 
crystal. 

_ Usually in calculating the dielectric susceptibility tensor 
et ade (1) 
OL. 


t 


the variation of the polarization vector with the electric field is assumed to be 
linear, i.e., all higher order terms are disregarded.1,5,6,9 Obviously, in this 


case the tensor components are constant. Actually, in order to obtain the true 


field dependence of the susceptibility, one must take into account the nonlinear 
field dependence of the polarization. 
Limiting our consideration to quadratic terms, we can write™ 


P,(Ex, Ey, Ez) = Pon + *ntEi + gnixEiEy. (2) 
Then, from (1) and (2) we have 
Xni (Ex, Ey, Ez) = xni + (gnk + Bnxi) Ex: (3) 


‘The twice repeating indices imply summation; the indices ‘ and k independently 
take on the values of z, y, z and n= 2, ¥y, Z. 


*This type of field dependence of the dielectric constant of dielectrics is 
used for explaining the Kerr effect in the optical region. 10 
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Relationship (3) can be interpreted as follows: in the assumed approximation 
the components of the dielectric susceptibility tensor are represented in the fon 
of the sum of two terms. The first term is the initial susceptibility; the secon 
term may be called the induced susceptibility.* It is a linear function of the 
field. It can readily be shown that the gnix components form a tensor of the thir 
rank symmetrical with respect to all three indices. It is calculated in the usua 
manner by minimizing the thermodynamic potential; the potential minimum for a bar 
um titanate type single crystal is of the formS 


D = Dy + aP? + 5 BP + fe (PEP + PLP? + PIP) +5 11P8 + 
+ telPs(Py + P2) + Py (P: + Px) + P2(PE+ Pi)) + ysP2P_P? — PE. (4) 


We omit the calculations and give only the final results: in the paraelectric 
phase the induced effect is zero;** in the ferroelectric phases (tetragonal, orthc 
rhombic and rhombohedral) the effect obtains and is evinced by the appearance of | 
induced additions to the components of the initial susceptibility and by new non- 
diagonal components, which do not appear in the calculations in the linear approxi 
mation. The appearance of these components is connected with distortion of the | 
crystal symmetry under the influence of the field. 

Let us consider the tetragonal phase in more detail. Assuming that the z axi' 
is aligned with the spontaneous polarization vector, we obtain the following di- 
electric susceptibility tensor 


Xxx = ne + 2ixxz Ex, 
Xyz = X27 = 2h Ex, 


- woe ! 
a yi Xa a iy Ruaetint 


Xyz = Xzy = 28y2, Ey, (5) 
ere xo + 28222 Ess 
Ary =" 4 Xyx — 0, : 
where 
‘ 31 + Be + 2(%1 + Y2) P* 
—— 4 = =— ££ _= Li — == — ————_ _ ?00€£2 0 OO 0 
Braz = Buys ~ Saaz = Sxax ~ Suey ~ S2uy ~~" 3 (8, + yaP3)-(B1 + 271Pa) PS (6) 
and | 33, + 10y1 P? 
g => eS 
722 32 (81 ay 2y1P?)8 Pe (7) 


In the region of stability of the tetragonal phase 8, + 27,P5>0 (see, for 
example, Kholodenkol2) and 7, >0; consequently, Sir 0+ ‘It follows that in a 
field with the z component directed along the spontaneous polarization vector, the 
%,, Component will decrease under the influence of the field, which is the experi- 
mentally observed case3,4,13,14,15,*** The available experimental data are insuf- 
ficient for reliably establishing the sign of the other components of ¢g,;,- Accorc 
ing to numerical evaluations the induced addition to the x,, component for barium 

*This term is not intended to imply any molecular polarization mechanism; it 
is introduced by analogy with the induced piezoelectric effect.11 

**More accurately speaking, the effect is absent in the assumed approximation. 
In the next approximation there is obtained a quadratic field dependence of the 
susceptibility. 

**kkMost of the available experimental data pertain to the ceramic or to single 
domain single crystals. In the latter case, movement of the domain walls gives 
rise to an effect which is superposed on the effect in question and in some cases 
may mask it. 
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titanate at room temperature and in a dc field of 3 kv/cm amounts to about 1% of 
the initial susceptibility. It can be shown, however, that near the phase transi- 
tion point the induced susceptibility varies more rapidly with temperature than 
the initial susceptibility. Thus, for example, according to Kholodenkoll, in the 
transition to the cubic phase (at the temperature 7, »°.~1/(7,,—T7)* and g  ~1/ 
HT i- Ty 2. =*jy at the transition point remain finite, while the additions to 
. them are of the order of 1/(7.,—7)". A similar temperature dependence is charac- 
teristic of the induced nondiagonal components. In the transition to the ortho- 
rhombic phase (at /'=-7'.,;), ¢., has no singularities, while behaves as 

1/(T —T.53) near the transition point. 

_ We desire to thank L.P.Kholodenko for constant interest in the work. 
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PHASE TRAJECTORY OF AN OSCILLATING CIRCUIT WITH A FERROELECTRIC 
- N.S. Novosil 'tsev 


In designing and employing circuits incorporating capacitors containing ferro-, 
electric materials one must take into account the distinctive features of the pro- 
cesses occurring in such materials. Andronov & Khaikin! in their book consider a 
nonlinear circuit with a ferroelectric, but limit their analysis to a conservative 
approximation. As far back as 1916 Andreev“ called attention to the fact that in 
most cases the parameters of dielectrics are measured under dynamic conditions. 

In connection with this he analyzed the problem of an oscillating circuit taking 
into account the resonance properties of the dielectric in the capacitor as a sys- 
tem with two degrees of freedom (however, he assumed the system to be a linear 
one). 

In employing ferroelectrics we encounter what are essentially nonlinear os- 


cillatory systems, in general with several degrees of freedom and a specific form 
of hysteresis loss. 


Hysteresis and Ambiguity 


To elucidate the limits of applicability of thermodynamic potentials in treat- 
ing rapid oscillatory processes, let us see what restrictions must be imposed on | 
using the familiar expression for the free energy F from the thermodynamic theory 
of ferroelectricity as the potential function. 


The derivative with respect to polarization 


(=), =f (1) 


gives the electric equation of state. It must be recalled, however, that for fer- 
roelectrics the curve below the Curie point has two inflection points (bends), 
where loss of stability occurs. 

Rigorously speaking, thermodynamic curves represent a chain or series of equi- 
librium states, but in our case the initial polarization - the field E - changes 


with time at a finite rate; consequently, differentiating (1) with respect to time, 
we write 


on | 
dP dt 
a TF i 
dP? 
At the instant of loss of stability 
d*F dE 
apt = gp = 9 y 


consequently, the polarization changes suddenly, skipping the serpentine part cor- 
responding to unstable states in the curve of the thermodynamic equation of state 
q).3 Thus the actual variation of the generalized coordinate (P) with the gener- 
alized force (-E) is represented not by the theoretical thermodynamic curve (1), 
but by a hysteresis loop. 


Hysteresis Loss 


To determine how the hysteresis loss should be taken into account, let us 
consider the form of the differential equation for an oscillating circuit with a 
ferroelectric in the capacitor. 

We denote the circuit inductance by L, the thickness of the dielectric by /, 


ghantrind, ke 
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the area of the capacitor plates by S and the charge on the capacitor by g- The 
specific potential energy U, of the field in the ferroelectric is equal to the 
free energy in the thermodynamic sense: 


ere y . 


The Lagrangian in the present approximation will be 


d /0T ou, dP 
ar (a) +45 OP dq =i, (5) 


Taking the polarization P rather than the charge g as the generalized coordi- 
nate, we transform Eq.(5) to the form 


SLP + 1(2aP + 23P%) = 0. (6) 


Q OF : 

Here L(2aP + 28P%) = 1 = 1E=V 
(the difference in potentials on the capacitor plates). Eq.(6) describes the an- 
harmonic oscillatory process and can be investigated by the methods of nonlinear 
oscillation theory4-§, This, however, is of no interest to us inasmuch as actu- 
ally this equation describes the processes in the circuit with the ferroelectric 
only above the Curie point where there is no hysteresis. 3 

In the presence of hysteresis the generalized forces are no longer single- 
valued functions of the coordinates and then we must use some other expression 
rather than the thermodynamic equation (4). Hysteresis, ambiguity and loss of 
stability are all interconnected and follow from each other. In order to take 
hysteresis into account, instead of (5) we must write a new equation: 


LP + @(P) =0, (7) 


where ®(P) is a two-valued function. Its curve is given by the hysteresis loop 
appearing on the oscillograph screen. Eq.(7) also does not have the usual dissi- 
pative term with P, nevertheless it describes a process with losses because dis- 
sipative forces in systems with hysteresis are expressed not in terms of velocity 
(i.e., the rate of the process), but through the coordinates. Thus, for example, 
the area of the hysteresis loop does not depend on the rate at which the loop is 
traced (velocity of the tracing beam) in a rather wide range of values. Davidenkov 
(Ref.7) calls attention to analogous relationships in his work on the dissipation 
of energy in vibrating mechanical systems. As far as we know, however, no one has 
so far used this approach for taking into account hysteresis losses in considering 
processes in electric oscillating systems. The question of forced vibrations in 
mechanical systems with hysteresis has been treated by Bat'9 and Lur'e & Chekmarev!9 
who reduced the essentially nonlinear problem to solution in parts by linear means. 
In 1952-53 a number of Japanese physicists® studied the allied problem of losses 

in ferromagnets with irreversible magnetization of the domains. By way of mathe- 
matical formalism they used Duffing's equation. However, as was pointed out above, 
for analysis of a system with hysteresis one cannot use a single equation, even a 
nonlinear one. 
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Construction of the Phase Trajectory from the Hysteresis Loop 


Disregarding the usual dissipative forces that are velocity-dependent, let 
us rewrite (7) in the form 


x = f(z) =0. (7a) 


The function /(z) is understood to include everything connected with ambigui- | 
ty and nonlinearity of the dissipative and quasielastic forces in hysteresis. We 
note that, although in the case of hysteresis the dissipative components of /(z) 
are described as regards magnitude in terms of the coordinates, as regards direc- 
tion they are as usual opposed to the velocity; the quasielastic components as re- 
gards both sign (direction) and magnitude are determined only by the coordinates. | 
Consequently, in the odd quadrants of the phase plane both components of /(z) are 
oriented in the same direction, while in even quadrants they are opposed to each 
other. The electron beam in the oscillograph simultaneously traces both the elas- 
tic and the viscous reaction of the ferroelectric. | 

One can always introduce the dimensionless time T = . 
=W, where w is described as usual by a linear term as- 
sociated with the rigidity and the inertia of the sys- 
tem, and transform our equation to the new variable T: 


= hy (x). (8) 


Eqs.(7) and (8) are particular cases of the Duffing 
equation: 


r+ (zx) +(x) =0. (9) 


When @ # O and 4 is linear, the integral curves are 
constructed by the method due to Lienard11,12, In our 
case, when @ = O and } is nonlinear,one can use the fol- 
lowing procedure for constructing the phase trajectory 
(see accompanying figure). The process coordinate r is 
laid off along the horizontal axis of the phase plane. 
In our case this will be a quantity proportional to the charge on the capacitor 
plates or, if preferred, to the polarization P. The rate of the process is laid 
off along the vertical axis. After conversion to the dimensionless time, the vel- 
ocity and acceleration have the dimensionality of the coordinate. Hence one can 
plot the dependence given by Eq.(8) in the same coordinate axes. 

It will be obvious from what has been said above that this dependence is giv- 
en by the hysteresis loop to an appropriate scale. The unusual position of the 
loop is due to the fact that the role of the generalized force in the electric 
equation of state is played by the field intensity taken with opposite sign (-E). 


dry 


To plot the phase trajectory, we take the initial conditions 7, Yrs, 


(point A in the figure). From A we drop a perpendicular to the r axis. B,C is 
obviously equal to the acceleration in the initial instant, while AC equals the 
velocity. Rotating the segment B,C counterclockwise 90°, i.e., to the x axis, 
from the end of B we draw the radius vector BA to point A. As regards magnitude, 
the vector equals the phase velocity corresponding to point A (zo, yo). 


Si sare alli alia 
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The angular velocity of BA is 


Qe lim AA, 


= 1 
At-0 AB 


(clockwise rotation). From point A, we again drop a perpendicular to the «x axis, 
find a new value of the radius vector and so on. It is expedient always to ro- 
tate the radius vector through the same angle about the instantaneous center. This 
is very useful in choosing of coordinates for plotting other curves with respect 
to the ordinary time axis on the basis of the phase trajectory obtained by the 
above procedure. As will be evident from the illustrated construction, the phase 
trajectory is a diminishing spiral characteristic of a decaying process. 

_ Thus, although in Eqs.(7) and (8) m9 = 0, i.e., although these equations con- 
tain no ordinary a dissipative terms, they describe decaying os- 
cillations. 
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CONTRIBUTING TO THE THEORY OF DOMAIN WALLS IN FERROELECTRICS 
- V.A. Zhirnov 


It is known from optical studies!,6,7 that the thickness of the transition 
layers - walls - between the 180° domains in barium titanate is of the order of 
the lattice constant (~4-1078 cm), while the thickness of the walls between the 
90° domains is ~5:10-5 cm. In view of the dipole character of the interaction 
between the electric moments, the surface energy density associated with the do- 
main walls should decrease with increasing wall thickness. Hence one can expect 
the surface energy of the 90° domain walls to be appreciably lower than that of 
the 180° domain walls. This assumption is also supported by the experimentally 
observed preferential nucleation of 90° domains and the relatively greater ease 
with which the 90° walls are displaced under the influence of external mechanical 
stresses. 

The present work is devoted to a quantitative evaluation of the basis teres tars and 
energy of the walls between the 180 and 90° domains in barium titanate and 180° 
domains in Rochelle salt. 

In contrast to the case of ferromagnets, where, owing to exchange interaction 
the absolute magnitude of the magnetization remains constant so that all changes 
occur through rotation of the magnetization vector, in the case of ferroelectrics 
one must take into account the possibility that the magnitude of the spontaneous 
polarization in the transition layer can vary. 

Then, as has been shown by Ginzburg? for a ferroelectric crystal in electri- 
cal equilibrium, the condition div P = 0 must obtain. Further, we solve the vari- 
ational problem of finding the minimum thermodynamic potential2, to which is added 
the energy associated with nonuniform distribution of the spontaneous polarization 
in the transition layer (wall): 


* (VPs)? + (V Py)? + (VP,)), 


for barium titanate « is assumed to lie in the range from 3: 10-15 to 3-10-16 cm? 
and the polarization vector P and displaces vector D are taken as the inde- 
pendent variables. 

For a 180° domain wall in BaTi03, located in a (100) plane when P. in the do- 
mains is parallel or antiparallel to the z axis, the solution of the variational 
problem is of the form; 


P, = P, =0; P,=P,th-=, 


where t=) characterizes the effective dimensions of the transition 
region. o\bi— Te / ey, 

Taking 3,—9,/¢1 = 1.5- 108 cm4/coulomb2 (DevonshireS) , we obtain 6 = 2: 10-8 
to 5-10-8 om, which amounts to a few lattice constants and, consequently, agrees 
with the naeiacitad results.1 

We obtain the following expression for the excess surface energy associated 
with the presence of the 180° domain wall: 

bd 1 
— _ 4 2 

6, => | (® — %) dx = 5 Pi[x/ (aan, 112 ) yy = 10 erg/cm 
es, 3 ei / 
This estimate is in agreement with the value given by Merz®, 
| For the 90° domain walls in BaTi03, located in a (101) plane, when P in the 
\ domains is directed along the z and x axes, the solution of the variational prob- 
lem is Po (1 


dae BLA ) . sons a bie tt 
+thot*); Py=0; P= Z(t —tn=$), 
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7 1 . 
where 6, — 5 bal a ee + 6. (Qi — 12 — 294,) 
Po C ‘ 1 v- Cy) -- Cy — 2c4s 


Evaluations lead to a value of C = 107 cm*/coulomb2, whence we obtain 6, = 
10° to 510-7 cm, which is about one order of magnitude higher than for the 180° 
case. The divergence from the experimental value of ~10-5 om may be due to the 
fact that in her work Little! observed 90° domains having dimensions comparable 
to the wall thickness; in this case one cannot, as was done in the calculations, 
assume that the crystal is unstressed through the thickness of the domains. 

We obtained the following expression for the surface energy of the 90° do- 
main walls in barium titanate: 


Gy = & Po(xC)", 


Numerical evaluation in this case yields >, ~ 2-4 erg/cm?. 

Comparison with the 180° domains shows that variation of the vector P is 
energetically favored in the 90° domain walls inasmuch as in this case the minimum 
magnitude of the polarization is P/V2 instead of 0. This accounts for the ease 
with which the 90° domain walls appear and move. 

Finally, let us consider the 180° walls of a Rochelle salt single crystal in 
the actually observed case when the polarization vectors in neighboring domains 
are directed parallel and antiparallel to the x axis. In the expression for the 
thermodynamic potential one must take into account the energy of the nonuniform 
polarization, the anisotropy, the elastic energy (allowing for rhombic symmetry), 
the linear piezoelectric effect and the quadratic electrostrictive effect. Here 
the solution of the variational problem is of the form 


Breet. = 0; Pre bolhy 


Ci 


In this case the expression for the surface energy associated with the domain 
4 
walls is 32 == 5 [2xD]'! Pp. 


We have from the work of Mitsui & Furuichi’ that at T = 0°C, Py = 2.5°1077 
coulomb/em“, 8,~ 3.3-1011 cm4/coulomb? and 7:;~ 90, while at T = 20°C, Pp ~ 1.4: 
-10-7 coulomb/em?, 8, ~ 4°1011 cm4/coulomb? and 41; > 150. 

Taking x>d?~ 10-4 cm? and ¢,, = 4°10-8 coulomb2/cm*, we obtain 6,= 1.2-1077 
and 3.=— 6°10-2 erg/cm2 for 0°C and 3,~ 2:107© cm and 3,~— 1-10-2 erg/cm? for 20°, 

These estimates are in good agreement with the results of Mitsui & Furuichi’7, 
even though it must be noted that in their work electrostriction is not taken con- 
sistently into account and the deformations do not satisfy St.Venant's continuity 
conditions. 

The cited evaluations of the domain wall surface energy in ferroelectrics 
make it feasible to investigate different domain configurations corresponding to 
the minimum thermodynamic potential. 

I desire to express my sincere gratitude to V.L.Ginzburg and E,M.Lifshits 
for valuable advice and helpful discussions. 


"p.N. Lebedev" Physical Institute 
Academy of Sciences of the USSR 
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APERIODIC OPERATION OF CAPACITORS CONTAINING A FERROELECTRIC 
- N.F.Shmoilov 


The practical utilization of capacitors containing ferroelectrics calls for 
theoretical analysis of the processes occurring in circuits with nonlinear compo- 
nents. In particular, it is of interest to investigate aperiodic charging and 
discharging of a nonlinear capacitor in different circuits. 

In the case of a circuit with one nonlinear component and a fixed resistance, 
the conditions of equilibrium is described by 


de tea 7 (1) 


where U is the voltage on the linear component, I is the current in the circuit 
and U, is the voltage of the source. With any realistic approximation of U = 9(9) 
and its inverse, we obtain differential equations for the charge and potential, 
which can be integrated by separation of variables (assuming a constant source 
voltage). Formally, the problem can be fully solved, but separation of the vari- 
ables leads to implicit dependences, which hampers their investigation. 

The most suitable proved to be the following approximation, used by Bessonovl 
in analyzing circuits with a nonlinear inductance 


U == 4 (e*4 — 1). (2) 


Using (1), (2) and the appropriate formulas in Ref.2, we obtain the following 
expression for the variation with time of the charge on the capacitor during charg- 
ing: * 2S eee 

3 Vyexp|— (Wo 4 ae t| +a (3) 
From (2) and (3) we obtain the following expressions for the variation of 
the potential and current during charging: 


~ 


j ; 8 
nU,\1 exp ke (U, +n) Ra a 


Biss : ; (4) 
; (“Vo 4 H) exp [- (Uy - 1) > p | 
1 i es J wie a es eet : (5) 
. hy F 4 
Usexp|_—(Wo+ M7 t+ 
Analogously for the discharge circuit, we find 
7 A ee (6) 
P ts) 84 [_ 3 ’ 
1 4- (e reese it, i| 
Uo - 
Uy = SH CEN ae ; (7) 
(U5 + 9) exp (F. t)— i 
| eae (8) 


7 sa ee 
(q + 1,R,,) exp R, t) —I Ky 


Ferroelectrics are characterized by residual induction; to take this into 
account, we introduce an additional parameter into (1), namely, 


*Here and below the subscript 3 stands for charging; the subscript p denotes 


- discharging. 


This does not affect the integr 
performing the same operations, we obt. 


qs =~ In : - 
EG@— 1) + Ud ox |— (e+ 
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With « = 1, (9) transforms to (1) end, epetincly doe QL) a 
come (3), (4) oan (5), respectively. The discharge functions " taking re 
duction into account are 

4 ¥% 


Ip = = In petal ay Be ; 
1 + (xe 7% —1) exp is - 
p 


U,, = iy ee ee : 


Is ae ee ee re 
hae {8% 
(xz + Iykyexp( K, f) — TR, 
If the source voltage is reversed, i.e., if instead of Up we have 
variation of the charge will be given by 


7? —U? 
q=+ In 0 


rs ea. 
(4+ U4) 29l's exp|—(4— Us) % «| 


If q(0)=q, then q(«)=q(—U,) and not —q, These two values di 
to the nonsymmetry of (2). e< Seties 
Using (16) and (2), we obtain 


—U? 
0 = —  — _— — - 
; n+ Up—2Uo exp [- (n— Ue) ‘| ae 
Tears ns i 


2 (1+ Ue) exp [(a—Uo) = #]— 20, sis 
Let us consider the effect of a steady periodic sequence of identical 

ty, square pulses on a nonlinear capacitor. In this case we determine he ar 

trary constants in both integrals by matching them for the instants iH 

“pulse and tg of the interpulse interval: ge 
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(Uy +») {1—exp|— (Wot + x7) Fh 


1 
=—In x — 
os * Wet oft —exp| Cans ar )—06|1— exp |— Wat 9 Da ]fen(— Be ) 


Eq.(19) applies during the pulse; (20) during the quiescent interval. Accord- 
ing to Ref.3, Eq.(2) can be approximated in the form 
RERS <—-3(F)+ | (21) 
3 “ee * o 


i 


q/ 


With U/n <<l the series can be limited to the linear term; then all the de- 
pendences deduced above become the corresponding expressions for a linear capaci- 
tor. By means of the derived relationships one can investigate the influence of 
any parameter on the processes occurring in circuits with a nonlinear capacitance. 
I desire to express my sincere gratitude and obligation to A.L.Khodakov for 
guidance and valuable discussions. 


Rostov-on-the-Don State University & 
Novocherkassk Polytechnic Institute 
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DEPENDENCE OF THE FERROELECTRIC PROPERTIES OF PEROVSKITE TYPE CRYSTALS 
ON THE CHARACTER OF THE CHEMICAL BONDS 


1. There is general agreement that the B-O bonds in ABOg perovskite type 
crystals are partially covalent.1-6 Nevertheless, many authors consider the per- 
ovskite type lattice to be primarily ionic and attribute the occurrence of spon- 
taneous polarization exclusively to ionic interaction. 

There can be little doubt, however, that partially covalent bonds, in addi- 
tion to ionic ones, must play a significant if not decisive role in the appear- 
ance of spontaneous polarization inasmuch as spontaneous polarization (the forma- 
tion of noncompensated dipoles) is a consequence of the formation of nonequivalent 
uncompensated chemical bonds. The formation of nonequivalent bonds is possible 
only in mixed ionic-covalent lattices owing to saturation and "directionality" 
(specific orientation) of the covalent bonds and is scarcely probable in purely 
ionic lattices, in view of the unsaturated and nondirectional character of ionic 
bonds. 

2. It follows from comparison of the electric negativities of titanium and 
oxygen atoms (after Pauling) that even in Ti09 the Ti-O bonds are not purely ion- 
eens titanium ion is not quadruply charged; the oxygen ion is not doubly charg- 
ed. 

Consequently, the TiO, (rutile, anatase) lattice is not ionic but intermedi- 
ate between ionic and molecular. For the same reason, the Ti-O bonds in rutile 
are not equivalent: according to Werner’ four bonds are located in one plane and 
have a length of 1.944 x. while the ionic separation for the other two is 1.988 AT* 

Unfortunately, at present it is impossible to calculate the exact degree of 
covalence of the Ti-O bonds in Ti0g9. An approximate evaluation according to Nek- 
rasov?»10 and Pauling?}1 yields a value of 50%. This means that in Ti0g the ti- 
tanium ion retains about two valence electrons; apparently, these are d electrons. 
Inasmuch as all the valence electrons of Ti participate in formation of the Ti-0 
bonds it may be inferred that two electrons are completely surrendered to the oxy- 
gen atoms with the resultant formation of a doubly charged positive Ti ion and 
two singly charged negative ions, while the two remaining titanium ion electrons 
form covalent bonds with the remaining unpaired electron of each oxygen ion. 

In BaTi03 there are two types of bonds with oxygen, namely, Ba-O and Ti-0O. 
The character of these bonds is presumably similar to that in the corresponding 
oxides. The difference between the bonds in the oxides and in BaTi03 stems ex- 
clusively from the polarization characteristics of the barium and titanium ions. 
Each of these ions tends to deform the bond of the other ion with oxygen, increas- 
ing its ionic character and decreasing the ionic character of its own bond with 
oxygen. The Ba ion, having a larger radius (1.43 A), a higher polarizability 
(2.008-10-23 cm3 - Ref.12) and a comparatively weak force field (Ze/r? = 0.97), 
does not exert a strong polarizing effect on the Ti-O bond; on the contrary, the 
Ti ion, when doubly charged, has a smaller radius (0.76 A) and a comparatively 
strong force field (Ze/r2 = 3.45) and therefore exerts an appreciably stronger 
polarizing the ionic character of its own Ti-O bond. As a result the Ti ion in 
BaTi03 has a smaller effective charge than in Ti02, while the O ion has a some- 
what larger charge. *** 

*This means that the titanium ion does not give up all four of its valence 
electrons to the oxygen in forming the ionic bonds; part of the valence electrons 
"retained" by the titanium ion participates in formation of covalent bonds. 

** According to Ref.8, in rutile the Ti-O ionic distances are 1.937 A for 
four of the bonds and 1.964 A for the other two. 
*** (See footnote bottom of next page). 
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Fig.1. Arrangement of titanium and oxygen ions in cubic BaTi03. (The arrows indi- 
cate directions of ionic displacements.) | 
Fig.2. Arrangement of titanium and oxygen ions in tetragonal BaTi03. 


Thus in BaTi03 the titanium ion is not more than doubly charged and has not 
less than two electrons participating in the formation of covalent bonds. Accord- 
ingly, the oxygen ion, given the double positive charge on the barium ions, is 
somewhat less than singly charged. In PbTi03, owing to the appreciably greater 
polarizability of Pb as compared with Ba ions, the Ti-O bonds are more covalent 
than in BaTi03.14,15 

3. At temperatures above 120°C the Ti ions in cubic BaTi03 are located at the 
centers of the oxygen octahedra (Fig.1). All Ti-O distances are equal, all the 
O-Ti-O valence angles are identical and equal to 90° and all the Ti-O-Ti valence 
angles are also identical and equal to 180°. Directionality of the covalent bonds 
is not evinced. All the covalent Ti-O bonds are uniformly distributed between the 
six 0 ions surrounding the Ti ion. Below 120° one of the covalent Ti-O bonds be- 
gins to evince specific orientation; as a result the Ti ion is displaced towards 
one of the six 0 ions and this 0 ion is displaced in the opposite direction. The 
covalent parts of the Ti-O bonds are redistributed so that the Ti-O bonds as a 
whole become nonequivalent and are not mutually compensated: the crystal trans- 
forms from cubic to tetragonal symmetry (Fig.2). As a result of the rearrangement, 
in tetragonal BaTi03 -there is a noticeable separation of Ti0s groups in the form 
of rectangular pyramids2 which form continuous layers on the planes of the 1-4 
oxygen ions and are linked by the 5 and 6 oxygen and barium ions (Fig.3). 

The directionality of the second covalent Ti-O bond becomes manifest at ~5°C; 
that of the third at -70°C. As a result, the titanium and oxygen ions undergo new 
displacements and there occurs further redistribution of the covalent part of the 
Ti-O bonds and valence angles. From tetragonal the crystal becomes orthorhombic 
(Fig.4) and then rhombohedral (Fig.5). The new redistribution of the bonds leads 
to appreciable separation in the orthorhombic crystals of Ti04 groups having the 
form of tetrahedra, connected (by the 1 and 2 oxygen ions) into chains extending 
parallel to the direction of the 1 and 2 oxygens. In the rhombohedral phase the 
bond rearrangements lead to isolation of Ti03 groups in the form of trihedral 
pyramids (Fig.5), similar to the CO3 groups in calcite. 

*4*eOur inference regarding the significantly covalent character of the Ti-0 
bonds in BaTi03 is substantiated by the theoretical calculations by K4nzig!3 
and the experimental data of Blokhinl4,15, (See previous page.) 
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It follows, therefore, that spontaneous polar- 
ization and phase transitions in BaTi03 are connect- 
ed with the tendency of the titanium and oxygen ions 
to acquire directionality of the covalent bonds pe- 
culiar to them. There does not, apparently, occur 
any noticeable enhancement of the covalence of the 
bonds at the Curie point but only a redistribution 
of the covalent bonds between the oxygen ions. The 
presence of covalent bonds, in addition to ionic, 
as a necessary condition for the occurrence of spon- 
taneous polarization does not conflict with the con- 
ditions for spontaneous polarization formulated earl 
er by Vul16,17, skanavil8, smolenskiil, Matthiasl9 
and others. Nonequivalent, uncompensated bonds in 
an ABO3 type lattice, in the presence of covalent 


O0,5, @8a eTi © 013 


Fig.3. Projection of the bonds, are possible only in structures with an in- 
lattice of tetragonal BaTi03 finite three-dimensional lattice (perovskite, ilmen- 
on the 09-0¢-04-05 plane. ite and pyrochlore), wherein the framework of oxygen 
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Fig.4. Arrangement of titanium and oxygen ions in orthorhombic BaTi03. 
Fig.5. Arrangement of titanium and oxygen ions in rhombohedral (trigonal) BaTi0g, 


octahedra, linked by rigid ionic-covalent ...0-Ti-0... bonds, hinders compensation 
of the nonequivalent bonds. 

At present it is impossible to evaluate quantitatively the degree of coval- 
ence of the B-O bonds necessary for the rise of spontaneous polarization. Ap- 
parently, the degree of covalence of the B-O bonds must be such that the states 
with specifically directed covalent bonds and with nondirected bonds would be 
energetically close; then thermal motion of the ions may be sufficient to dis- 
turb the directionality of the bonds. However, taking the degree of covalence 
of the Ti-O bond in BaTi0g3 as a sort of "standard", we can qualitatively evalu- 
ate the influence of strengthening or weakening of the covalence of the B-O bond 
on the ferroelectric properties of crystals of the ABO3 type. It will be obvious 
from what has been said above that the higher the degree of covalence of the B-0O 
bond, the more difficult it is to overcome the specific directionality of the co- 
valent bonds and the higher, consequently, must be the transition temperature from 
the ferroelectric to the nonferroelectric state and hence the wider the ferroelec- 
tric temperature interval. In principle, there may even exist ferroelectrics in 
which the transition to the nonferroelectric state lies above their melting point. 
Obviously, the contrary also holds true: the lower the degree of covalence, the 
lower will be the temperature of the ferroelectric-nonferroelectric transition 
and the narrower the ferroelectric temperature interval. At the limit, these 
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properties will disappear inasmuch as the covalence of the B-0 bond will be so 
minor that its directionality will not be evinced. 

4. In the light of what has been said above, one can readily explain the ab- 
sence of ferroelectricity in calcium and magnesium titanate and the zirconates of 
alkali earth metals, the increase in the number of ferro- and antiferroelectrics 
among the niobates and tantalates, as compared with titanates and zirconates, and, 
finally, the absence of ferroelectrics among molybdates, tungstates and chromates. 
All this depends exclusively on the relation of the polarization characteristics 
of the A and B ions.* 

In the series of alkali-earth metals, the highest degree of polarization is 
exhibited by barium; hence in the series of titanates of the alkali metals the 
highest degree of covalence of the Ti-0 bonds obtains in BaTi03, and, consequent- 
ly, BaTi03 has the widest ferroelectric temperature interval. Replacement of the 
barium ion by the even more readily polarized lead ion leads to enhancement of the 
covalence of the Ti-O bond (in PbTi03 as compared to BaTi03) and, consequently, 
the temperature range for the existence of ferroelectric properties is extended 
accordingly (to 500°). The absence of ferroelectrics among the zirconates and 
hafnates of the alkali-earth metals is connected with the appreciable weakening 
of the covalence of the Zr-0O (or Hf-0) bonds as compared with the Ti-O bonds in 
barium titanate. This also explains why the Curie points of lead zirconate and 
hafnate (235 and 215°, respectively21) are lower than the Curie point of lead ti- 
tanate. The greater number of ferroelectrics among the niobates and tantalates 
is connected with the increase in the degree of covalence of the B-O bonds as com- 
pared with the Ti-O bonds in titanates.2 In view of this it would seem that the 
number of ferro- and antiferroelectrics among the molybdates and tungstates should 
be even greater, since going from the compounds of Group V to Group VI is accompan- 
ied by further enhancement of the degree of covalence of the B-0O bonds?2, Actual- 
ly, however, there is not a single ferroelectric among the molybdates and tung- 
states. This is due to the fact that in these compounds the degree of covalence 
of the Mo-O and W-O bonds is so high that the MeO, (Me = Mo, W or Cr) tetrahedra, 
forming owing to the directionality of the covalent bonds, are incorporated into 
the lattice as single entities. For the same reason there are no ferroelectrics 
among the vanadates and chromates. 

Thus the increased degree of covalence of the B-O bond as compared with that 
of the Ti-O bond in BaTiO, at first leads to widening of the temperature range of 
existence of ferroelectricity; this widening continues as long as the coordination 
lattice of oxygen octahedra is retained. Further increase in the degree of cova- 
lence of the B-0 bond, however, leads to disturbance of the oxygen octahedra frame- 
work, separation of BOq4 groups and the disappearance of ferroelectric properties. 

5. We conclude therefore that a necessary conditions for the occurrence of 
spontaneous polarization in ABO3 type crystals is the presence of mixed ionic-co- 
valent B-O bonds. Only in the presence of covalent B-0O bonds (in addition to 
ionic ones) can there form nonequivalent bonds not compensating each other and, 
consequently, uncompensated dipole moments. However, the presence of covalent 
bonds although a necessary condition is not the sole one for ferroelectricity: in 
addition, the crystal lattice must consist of an infinite three-dimensional frame- 
work of oxygen octahedra linked by rigid ionic-covalent bonds that hinder the mu- 
tual compensation of the nonequivalent bonds, and the B ion must be formed from an 

*Inasmuch as WO3 is reported to be a ferroelectric29, apparently the presence 
of an A ion is not an essential condition for the occurrence of spontaneous polar- 
ization; but WO3 is the only ferroelectric among BO, compounds. Hence it may be 
assumed that the occurrence of spontaneous polarization does depend to an appreci- 
able extent on the nature of the A ion. 
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atom having not less than four valence electrons of which not less than one and 
not more than three form covalent bonds. If these conditions are not fulfilled 
the covalent bonding will either be so weak that its directionality will not be 
evinced, or it will be so strong that the directionality will predominate in the 
formation of the crystal lattice. The A ion, depending on the nature of the B 
ion, must have polarization characteristics that will appropriately strengthen 
or weaken the covalent character of the B-0O bond. 


A. 


Conclusions 


We have shown for the case of BaTi0g3 that nonequivalent, noncompensated 


chemical bonds (spontaneous polarization) can occur only in lattices with an in- 
finite oxygen octahedra framework, owing to the tendency of the titanium and oxy- 
gen ions to form specifically directed covalent bonds. 


B. Increase in the degree of covalence of the B-0O bond in ABO3 type compound; 


(as compared with the covalence of the Ti-O bond in BaTi03) through replacement 


of the Ti ions by other ions leads to widening of the temperature interval in whic 
the substance exhibits ferroelectric properties, and, vice versa, weakening of the 


covalence results in narrowing of the ferroelectric interval. 


Cc. 


The role of the A ion in ABO3 type compounds reduces to regulation of the 


degree of covalence of the B-0O bonds. 


D. 


The analyzed dependence of the ferroelectric properties on the character 


of the chemical bonds may serve as a criterion in the search for new ferro- and 
antiferroelectric materials. 


Rostov-on-the-Don State University 
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ON THE SEARCH FOR NEW FERROELECTRIC MATERIALS 
- 1.8S.Zheludev & A.S.Sonin 


A number of new ferroelectrics have been discovered in recent 
years. Substances that have been found to exhibit ferroelectric 
behavior include lead metaniobate and metatantalate, strontium py- 
rotantalate, guanidine aluminum sulfate hexahydrate (GASH), some 
alums, ammonium sulfate’, tri-glycine sulfate”, tri-glycine fluo- 
beryllate3, thiourea*, ammonium monochloracetate”, colemanite ’ 
glycine silver nitrate’, and dicalcium strontium propionate”. 

_ The Curie temperatures of only a few of the enumerated substan- 
ces lie above room temperature (an important factor where practical 
applications are concerned): these are lead metaniobate (Tc = 5709), 
lead metatantalate (Tc = 260°), GASH (Tc = 100°), tri-glycine sul- 
fate (Tc = 49°) and tri-glycine fluoberyllate (Tc = 70°). Hence 
both from the standpoint of electronic engineering and that of sci- 
ence, there is urgent need to search for new substances possessing 
ferroelectric properties. 

Efficient search for new ferroelectrics can obviously be car- 
ried out only on the basis of certain criteria indicating that 
spontaneous polarization can develop in the material. Such criter- 
ia may be established through analysis of the characteristic pro- 
perties of known ferroelectrics. An important indication for class- 
ifying a substance as a possible ferroelectric is the presence in it 
of domain structure. Another important indication of ferroelectric 
properties stems from the fact that substances possessing these pro- 
perties exhibit phase transitions of the first or second order.* 
There are other indications that may serve as specific criteria for 
“oxy-octahedral type" ferroelectrics (ferroelectrics containing oxy- 
gen octahedra) and ferroelectrics with hydrogen bonds. 

. For "“oxy-octahedral" ferroelectrics such an indication is the 
crystallochemical Smolenskii9-Matthias!9 criterion. From this cri- 
terion it follows that "oxy-octahedral" ferroelectrics should be 
sought among substances crystallizing in structures in which the 
comparitively small cations, situated in the oxygen octahedra, have 
the electronic ‘configuration of a noble gas after removal of the s- 
and d-electrons; ions of this type form from atoms with an unfilled 
next to the last shell. Using this crystallochemical criterion in 
his work, Smolenskii discovered a number of new ferroelectrics of 
the "oxy-octahedral type" (see, for example, Ref.1). 

The situation is considerably more complicated when it comes to 
ferroelectrics containing hydrogen. Here it is more difficult to 
formulate the essential criteria due to the complexity and diversi- 
ty of the chemical composition and structure of compounds in this 
category and owing to the fact that the nature of the mechanism re- 
sponsible for the onset of spontaneous polarization is still ob- 
scure/!. Obviously, one can simply say that hydrogen-containing 


*At present there is only one ferroelectric - GASH - in which a 
phase transition has not been observed. Presumably, the phase tran- 
sition in this compound should occur above its decomposition tem- 
perature (90-100°C). 
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ferroelectrics are characterized by the presence of O—H---0, N— i 
—H-:--F and particularly N—H---0O bonds2, the location of which in 
the structure favors the rise of spontaneous polarization. 

Ferroelectrics with hydrogen bonds contain acentric configura- 
tions of the following type: 

a) tetrahedral: (NH4)+, (S04) 2-, (Se04) 2-, (P04) 3-, (BeF4) 2-, 

b) bent chain: (CH2NH2COOH), (C4H406) 2-,(CH2C1C02)-, or 

c) plane trigonal: (NO3)-, [C(NH2)3]t. 

Apparently, atomic configurations of the first two types are 
determining for such ferroelectrics. Hereinafter we shall refer to 
the above indications for hydrogen-containing ferroelectrics as the 
crystallochemical criterion for ferroelectrics with hydrogen bonds. 

It would obviously be of interest to find a criterion or test 
common for all ferroelectrics, indicating the potential appearance 
of spontaneous polarization. Recently one of us in collaboration 
with Shuvalov!2,13 examined the change in point symmetry of crys- 
tals, associated with the rise of spontaneous polarization or a 
change in the direction of polarization. Analysis shows that the 
morphological symmetry of each (final) domain differs from the sym- 
metry which the crystal (or domain) had prior to the phase transi- 
c.on. This is due to the fact that the structural changes inci- 
dent to a ferroelectric phase transition in a crystal are accomp- 
anied by a change of its point symmetry. Careful examination of 
the nature of the changes occurring in ferroelectrics incident to 
phase transitions leads to the conclusion that the changes in the 
Symmetry of the crystal (or domain) are governed by certain regu- 
larities, which allow of predicting, for example, the change in 
the point symmetry of a crystal belonging to a given class, when 
and if the crystal undergoes a ferroelectric phase transition. . 

The principal effect characterizing phase transitions in ferro- 
electrics is the appearance (or disappearance) of spontaneous po- 
larization or change in the direction of spontaneous polarization 
in the crystal. Spontaneous polarization is described by the polar 
vector P, having the symmetry ~-m. The change in symmetry incident 
to a ferroelectric phase transition may be found from the Curie 
Symmetry principle. Application of this principle shows that the 
new symmetry of the crystal in the case of onset in it of spontan- 
eous polarization can be defined as the highest common subgroup of 
the symmetry group of the crystallographic class to which the crys- 
tal in question belongs in the nonferroelectric phase and of the 
Symmetry group of the polar vector P, with the given arrangement of 
the symmetry elements of both groups. As was noted in Ref.13, the 
changes in symmetry of all known ferroelectrics incident to phase 
transitions is characterized by the regularity described above. 

The changes in symmetry of some known ferroelectric incident to . 
phase transitions are listed in Table 1. This table supplements 
the data given in Ref.13. For the substances for which the point 
groups after the phase transition have not been determined, we give 
the most probable (in our opinion) point symmetry groups in paren- 
theses. 

In view of what has been said above, it may be inferred that 
for all dielectrics an indication of ferroelectric phase transi- 
tions is a change in point symmetry such that the transformed ma- 
terial in the case of appearance of domains will belong to a sym- 
metry group that is a subgroup of the ~-m symmetry group, i-.e., 
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Table 1 
Changes in point symmetry incident to phase transition in known 
ferroelectrics 
a SS SSSSNSNEENnUSseees 
Point sym- 
metry a aie ore 
me 
Compound Formula EE ee Ttranse| domain af- 
or to thasa °C ter phase 
| transition transition . 
/ 
Barium titanate BaTiOg 6/4 | 120 4em 
yf 2-m 
\ —70 3em 
Rochelle salt K NaCgH4O,-4H2O fr2 2 24 #e 
re 2 —18 Dita 
Potassium orthophosphate KH2PO4 Tem —153 2-m 
Potassium orthoarsenate KH.AsOq ee 182 Ai se 
Ammonium monochloracetatc NH,OsCICH, Qim —150 2 
Tri-glycine sulfate (CHsNH2COOH) 3-HeSOq 2:m 49 2 
Tri-glycine fluoberyllate | (CHsNHgCOOH)3- H2BeF, Brim 70 2 
Ammonium sulfate (NH4)2504 m-2:m 50) (2) 
Ammonium cadmium sulfate (NH,)sCda(SOs)s aiz —190 (3) 
Alums M'yM!!(S04)o]-12H20 6/2 pe 220) (2) 
Colemanite CazBeOu -5H20 2:m —6 { (2) 
Glycine silver nitrate (CH2NH,COOH)-AgNOs eae —55 | (2) 
ratte CHyNoS | m-2:m | —105 |  (2+m) 


will belong to one of the pyroelectric classes. We shall call this 
2 eae the crystallographic criterion for spontaneous polariza- 
ion. 

Accordingly, we checked through the literature to find substan- 
ces in which the change in symmetry incident to phase transitions 
satisfies this spontaneous polarization criterion (Table 2). It 
would be expedient to test these substances for ferroelectric be- 
havior. 

It should be emphasized that the above described crystallo- 
graphic criteria for hydrogen-containing ferroelectrics and for 
the rise of spontaneous polarization are necessary but not per se 
sufficient indications. Although they should facilitate the 
search for new ferroelectrics, they should not be interpreted as 
unambiguous theoretical indications of ferroelectric behavior. 
Hence it is necessary to pursue further experimental investiga- 
tions of the dielectric properties listed in Table 2 and to con- 
tinue the search for the necessary and sufficient conditions for 
the existence of spontaneous polarization in crystals. 


Table 2 
Changes in point symmetry incident to phase transitions | 
oint = hen | Point sym- 
Compound Formula fauerys etry of 
r domain } /trans}domain af— 
rior to °c |ter phase 
ase tran transition 


Rubidium nitrate RbNOs G/4 3-m 
Cesium nitrate CsNOs B/4 3-m 
Sodium nitrate NaNO. m:2 2m 2-m 
Silver cyanide AgCN 6/4 3-m 
Copper sulfide Cus m-Gim 2-m 
Baracite Mg3B;013Cl 3/4 2-m 
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PREPARATION AND THE DIELECTRIC PROPERTIES OF SOME BARIUM TITANATE-STANATE 
SOLID-SOLUTION SINGLE CRYSTALS 
- A.L.Khodakov & M.L.Sholokhovich 


Among ferroelectric solid solutions the BaTi03-BaSn03 system is of particu- 
lar interest. It was established in a number of investigations!-4, devoted to 
the properties of polycrystalline barium titanate-stanate solid solutions, that 
this system is characterized by a strong variation of the dielectric constant € 
with the applied electric field. For the composition Ba(90% Ti, 10% Sn)Sn03 the 
value of € exceeds 20,000 in relatively weak fields (< 2 kv/cm). 

By doping barium titanate with appropriate additives Verbitskaia obtained 
ferroelectrics - Varikonds?,® - with highly pronounced nonlinear characteristics. 
The nonlinearity coefficient for Varikonds is En/Eq > 9 (€, is the maximum value 
of the dielectric constant and €, is the weak field value), the maximum value of 
the coefficient being attained in a field of 0.5 kv/cm. BaTi03-BaSn03 solid solu- 
tions also exhibit strong dependence of the reversible dielectric constant on the 
biasing dc field. 

In view of these properties, such ferroelectrics are already finding special 
applications in electronic engineering; hence we felt that the preparation of 
BaTi03-BaSn03 single crystals would be not only of scientific interest but also 
of potential practical value. 

Earlier’-9 we obtained single crystals of (Ba-Sr)Ti03 and (Ba-Pb)Ti03 solid 
solutions; our first attempts to grow BaTi03-BaSn03 single crystals showed, how- 
ever, that this is considerably more difficult. 

*% By way of solvent for obtaining single crystals 
1900 | of isomorphous mixtures of BaTi03 and BaSn03, we 
used a solution of potassium fluoride. This choice 


'] was based on our investigation of crystallization 
iJ in the KoFo-BaTi03-BaSn03 system, which indicated 
4000 that in this system there is formed a continuous 


series of BaTi03-BaSn03 solid solutions. 
A number of crystallization curves for the sys- 
tem are shown in Fig.l. The presence of isomorphous 
900 mixtures of BaTi03 and BaSn0, in solidified melts 
with KoFo is substantiated by the results of x-ray 
diffraction studies carried out by E.G.Fesenko. 
he a Beha ns We carried out the two series of experiments: 
Fig. 1.Crystallization curves in the first series, the initial materials were 
various mixtures of BaTi03 and Sn0Oo, previously sub- 
jected to heating at 1200°; in the second series, the initial materials were pre- | we 
viously prepared polycrystalline BaTi03-BaSn0, solid solutions of different rela- 
tive concentrations. 
The crystals were grown in a covered platinum crucible in a Silit resistance 
furnace. In all cases 0.01% by weight of Fe903 were added to the initial mixture. 
The grown crystals were washed with hot water slightly acidified with HNO3. In 
the present report we shall describe only two batches of crystals, the properties 
of which were investigated in greatest detail. Other batches of crystals have it 
been prepared and their properties are now being studied. 
The principal data on the two batches are given in Table 1. It will be evi- 
from the spectroscopic data for the crystals of Batch 2 that the substitution re- 
action in BaTi03 and the formation of the solid solutions do not proceed readily. 
This was also noted earlier in investigating the melting-point diagram of the 
K2F 9-BaTi03-Sn09 system. It was established that complete solution does not oc- 
cur in mixtures of BaTiO, and Sn0o containing over 10% Sn05. Spectroscopic 


*The percentages throughout are molecular. 
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Table 1 
Data on the crystals of batches 1 and 2 


Initial melt Heat treatment Spectroscopic Appearance of 


data crystals 
Batch 1 a 
82% KoF2 + Heating to 95% BaTiO Light yellow trans- 
18%(95% BaTi03 1350° + 5% BaSn0, parent crystals, 
+ 5% Sn09) Holding at heat mostly small. Shape 
for 8 hours imperfect. Some in 
Cooling to 860° the form of tri- : 
at 20°/hour hedral plates and 
cubes 2-2.5 mm on 
edge (Fig.2). 
Batch 2 
82% KoFo2 + Heating to Composition of Light yellow trans- 
18%(90% BaTiO. 1350° crystals obtain-| parent crystals in 
+ 10% Sn09) Holding at heat ed in different the form of cubes 
for 12 hours parts of the 1.5 mm on edge. 
Cooling at crucible varied: 
50°/hour a) 95% BaTi0g + 
5% BaSn03 


b) 90% BaTi03 + 
10% BaSn03 

c) 89% BaTi0, + 
11% BaSn03 


analysis showed that the insoluble part of the mixture is tin 
dioxide. Apparently, 10-11% is the maximum amount of Sn0o that 
can replace TiO, in BaTiO, with subsequent formation of a 
BaTi03-BaSn03 solid solution. 

We are continuing our investigation of the Sn05 substi- 
tution reaction, but even the available data indicates that 
in order to obtain single crystals of BaTi03-BaSn03 contain- 


| 0 2MM ing more than 10-11% BaSn0g3 one must add BaCO,z in stoichio- 
Sartre ater rape metric proportions with respect to Sn0,g to the BaTi03 + Sn09 
Fig.2. Typical mixture. 
crystal of Batch l. The dielectric properties of the crystals were measured 


with a Q-meter at f = 106 cps, with an IEN-2 bridge at 103 
cps and with an unbalanced bridge at 50 cps. The reversible dielectric constant 
was measured in an ac field of 25 v/cm and a frequency of 106 cps. The convention- 
al oscillographic procedure was employed. 

The solid solution crystals were subjected to heat treatment which consisted 
of heating at 1200° for 2 hours. The crystals became somewhat darker as a result 
of heat treatment. (Hereinafter we shall designate untreated crystals by A and 
heat treated crystals by B.) The desirability of such heating, which improves 
the ferroelectric properties, was established earlier for a number of single crys- 
tals of other solid solutions of ferroelectric materials. 7-10 

Before heat treatment crystals of Batch 1 have two dielectric constant peaks: 
one at +18°, the other at -7° (Fig.3). After heat treatment, the first maximum 
appears at 82° which agrees with the Curie point of the initial BaTi03-BaSn03 
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Fig.3. Temperature depend- 
ence of the dielectric con- 
stant ¢€ of crystals of 
Batch 1. A - crystal not 
subjected to heat treatment 
and B - after heat treat- 
ment. f = 108 cps; E = 

= 25 v/cn. 


100 “50 0 50 “100 150 
t, °C 
Fig.4. Temperature depend- 
ence of tan § for crystals 
of Batch l. f = 10® cps; 
E = 25 v/cn. 


ed in Table 2. 


amic and in crystals subjected to heat treatment are virtually identical, 
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Table 2 

Temperatures (°C) of the maxima of € 
in crystals and the ceramic 

lst maxi-| 2nd maxi- | 3rd maxi- 

mum / mum 


Crystals A 


Crystals B 6 
Polycrystal- | 
line ceramic 83 ot 2 


ceramic and with the data in the literature; the 
second peak appears at 2°. It may be assumed that 
the observed anomalies are due to mechanical stres- 
ses developing in the process of crystallization, 
owing to unfavorable temperature conditions. This 
leads to reduction of the tetragonality of the crys- 
tal lattice and, therefore, to displacement of the 
phase transition point. With heat treatment the 
mechanical stresses are reduced, the tetragonality 
of the lattice is increased and the crystal becomes 
"normal". It must be noted, however, that heating 
does not always fully “remove” the lattice distor- 
tions. In this case the temperature of the upper 
phase transition corresponds to that characteristic 
of the given composition. In the case of many crys- 
tals, despite heat treatment, there persists a small 
but noticeable growth of € at the Curie point; these 
crystals also exhibit a weaker (compared with the 
initial ceramic) field dependence of the dielectric 
constant. Heating at higher temperatures (1300- 
-1400°) did not yield better results. Crystals of 
Batch 1 not subjected to heat treatment exhibit the 
usual hysteresis loops at temperatures not exceed- 
ing the €max temperature by more than 50°. This is 
apparently connected with the fact that in these 
crystals with a distorted lattice, in the vicinity 
of the phase transition temperature, the tetragon- 
ality of the lattice imcreases under the influence 
of an electric field of a few kv/cm and, consequent- 
ly, the phase transition temperature is shifted to 
the side of higher temperatures. Apparently, the 
electric field partially "compensates" the mechanic- 
al stresses and in this sense has an effect analog- 
ous to heat treatment. 

The temperature of the lower transition point 
in crystals of Batch 1 appears to be somewhat ab- 
normal. The temperatures of the dielectric constant 
maxima of our crystals and of BaTi03-BaSn0, are list- 


Whereas the temperatures of the upper phase transition in the cer- 


the tem- 


peratures of the lower maxima differ by more than 30°. 
Possibly the unusual position (temperature) of the € maxima for this composi- 


- tion is connected with incomplete relief of the mechanical stresses during heat 


treatment, so that the temperature range of the tetragonal region is somewhat ex- 


tended. 
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The dielectric loss, as will be evident from Fig.4, is not high; actually 
it is lower than in polycrystalline specimens of the same composition. 

The crystals of Batch 2 containing 5% BaSn03 exhibit dielectric properties 
very similar to those of the crystals of Batch 1. They also showed a significant 
improvement of their ferroelectric properties after heat treatments at 1200°. The 
dielectric parameters of Batch 2 crystals containing 10-11% BaSn0O3 have not yet 
been measured. Measurements on these crystals are rendered difficult by their 
small size. 

In conclusion I desire to thank N.S.Novosil'tsev for his interest in the 
work. 


Scientific Research Physical-Mathematical Institute at 
Rostov-on-the-Don University 


References 


1. G.A.Smolenskii & K.I.Rozgachev, Doklady AN SSSR, 79, 53 (1951). 
2. G.A.Smolenskii & V.A.Iusupov, Zhur.tekh.fiz., 24, 1375 (1954). 
3. S.Nomura, J.Phys.Soc.Japan, 10, 112 (1955). 
4. N.S.Novosil'tsev & A.L.Khodakov, Zhur.tekh.fiz., 26, 310 (1956). (Trans. 
Soviet Physics - Tech.Phys.) 
5. T.N.Verbitskaia, Doklady AN SSSR, 100, 29 (1955). 
6. T.N.Verbitskaia, Izvestiia, Tomsk Polytechnic Inst., 91, 355 (1956). 
7. A.L.Khodakov, M.L.Sholokhovich, E.G.Fesenko & O.P.Kramarov, Doklady AN 
SSSR, 108, 825 (1956). (Trans.Soviet Phys. - Doklady.) 
8. M.L.Sholokhovich, E.G.Fesenko, O.P.Kramarov & A.L.Khodakov, Doklady AN 
SSSR, 111, 1025 (1956). (Trans.Soviet Phys. - Doklady.) 
9. A.L.Khodakov, M.L.Sholokhovich, E.G.Fesenko & O.P.Kramarov, Rost kristal- 
lov (Growth of Crystals), p. 294, M., 1957. 
10. N.S.Novosil'tsev & A.L.Khodakov, Doklady AN SSSR, 85, 1263 (1952). 


- 1443 - 


INVESTIGATION OF THE PbO-Ba0-B903-Tid, SYSTEM 
- M.L.Sholokhovich & V,I.Varicheva 


The choice of medium (solvent) for growing lead-containing ferroelectric 
single crystals from the melt is complicated by the fact that many substances in 
the fused state tend to lower the stability of the melt.1 The choice of solvents 
becomes even more difficult when it comes to obtaining single crystals of ferro- 
electric isomorphous mixtures with lead compounds. In this case we have the ad- 
ditional difficulty that many solvents reduce the strength and stability of the 
solid solutions and lead to their dissociation into components. 

An earlier search2 for solvents suitable for obtaining PbTi03 single crystals 
indicated the suitability of melts of PbO-B203-Ti0, for this purpose. From this 
melt there form light, transparent, well-defined crystals at relatively moderate 
temperatures (900-9509). 

The purpose of the present work was to investigate the interaction of lead 
and barium borates with lead and barium titanates with a view to determining the 
influence of the borates on the stability of barium and lead titanate solid solu- 
tions and evaluating the possibility of obtaining single crystals of this mixed 
titanate from the given melt. 

The PbO-T1i02-B503-Ba0O system in the molten state is a complex four-component 
system and may be represented graphically by a tetrahedron. In this report we 
give data on the surface of crystallization of the [50% PbO + 50% B203|-PbTi03- 
~Ba (BO9) 2-BaTi0., profile of this tetrahedron. The investigation was carried out 
in platinum crucibles by the visual-polythermal procedure. As initial materials 
we used chemically pure Bj03 and BaCO3; reagent grade pure PbO and reagent grade 
pure TiO» further purified by boiling in 10% HCl. 

Specifically, we investigated the side surfaces and 24 internal sections of 
the tetrahedral diagram. The location of the sections is indicated in Fig.1; the 
experimental data for the different sections and sides are shown in Figs.2,3 & 4. 
The side [50% PbO + 50% Bz0g]-PLTI0," (Fig.3, curve II) presents a cross section 
of the PbO-Ti02-B503 system“ which is a side face of the tetrahedron. The fusi- 
bility diagram of this surface consists of a short branch of a glass-like phase 
(exact composition not established) and a branch characterizing well crystalliz- 
ing lead titanate. On the [50% PbO + 50% B203|-Ba(BO2) side (curve I), owing to 
vitrification, we succeeded in investigating only the branch of crystallization 
of Ba (BOQ) 9. On the Ba (BO) 2-BaTi03 face (curve III), in addition to the compo- 
nent lines, there is also a branch corresponding to crystallization of a phase, 
the composition of which we have not yet established and which we therefore pro- 
visionally designate as phase A. Owing to the high melting point and the insta- 
bility of PbT1i03, we did not investigate the fusibility of the BaTi03-PbTi0, sys- 
tem; however, a number of investigators3-6 have demonstrated the formation of a 
continuous series of isomorphous mixtures in the solid phases of this system. 

The crystallization surface of the [50% PbO + 50% By03|-BaTi0,-Ba (B09) 9- 
-PbTi03 section plotted on the basis of our data is shown in Fig.l. We see that 
the largest field of the system belongs to the continuous series of isomorphous 
(Ba-Pb)Ti03 mixtures. The region of Ti0p forming as a result of decomposition 
of PbTiO, at high temperatures is indicated by a dashed line. The relative sizes 
of the areas pertaining to different phases of the system are listed in Table l. 

Despite the large field of the isomorphous (Ba-Pb)T10, mixtures, crystalliza- 
tion of mixed crystals can occur only at relatively high concentrations of BaTi0g 
and PbTi0, and high temperatures. At lower temperatures lead titanate crystallizes 


*All percentages are molecular. 
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BaTid; 


Fig.1. Location of sections. 


Table 1 
Field Crystallizing Area in % rela- 
No. phase tive to the total 
area of the crys- 
tallization sur- 
face in the section 
u Fields of glass- 
like phases of PbO 
and Bo0, in the rs 
field of Ba(BO9)»5 9,8331 
2 A 9.8359 
3 (Ba-Pb)Ti03 and 
Ti0,** 49.8872 
4 PbTiO, 30.4438 
*Fields not delimited owing to vitrifica- 
tion. 


**Boundary of crystallization fields not 


established. 


from melts located in the upper 
part of the system and phase A 
from melts in the lower part of 
the system. At 852°, at point 
P, we have the simultaneous ex- 
istence of two phases: (Ba-Pb)- 
Ti03 and phase A. At 700° phase 
A decomposes at point Po» while 
at temperatures between 615 and 
690° at point m - the lowest 
point in the surface - there oc- 
curs crystallization of PbTiO, 
and a phase consisting of a 
mixture of PbO and B90, in unde- 
termined proportions. 

Thus the existence of a 
large field of crystallization 
of isomorphous (Ba-Pb)Ti03 
mixtures in the investigated 
surface (section) makes it pos- 
sible to utilize these melts 
for obtaining BaTi03-PbTi03, 
single crystals with different 
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Fig.2. Fusibility of sections 7,8,11,12,16 & 20 through the [50% PbO + 50% B203] - 
-PbTi03-Ba (BOQ) 9-BaTi03 surface. 
Fig.3. Fusiblity of sections 1 through 6 and the size of the investiga- . 
ted surface. 


I13° 


253° 


500 
0 120 240 = 3607. 
Fig.4 Fig. 5 
Fig.4. Fusibility of sections 9,19,13,15,21,22 & 23. 
Fig.5. Temperature dependence of the dielectric constants of crystals of batches 
II and III (see Table 2). 
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Table 2 
‘ 
i ; Expected compo— | Actual compo- icurie 
Batch _-omposi tion sition of sition of , 
5, of initial melt | crystals crystals: ipoint 
j 
/ 89, [50%PbO +-50%B 0s] + | | 
+92°,, Ba(BO2).—+ 50°, BaTiOgs | (Bao,92— Pbo,os) TIO3 |(Bao,g2—Pbo,0s)TIO3| 152 
I] 50%) [50% PbO + 50°, B203]+ : 2 
+51), Ba(BO2)2+ 55% BaTiOs | (Bagsse—PD,,41)TiOs |(Bay.6a—Pho,36)Ti03| 253 
ai 75%, [5094 PbO + 50% B2Oa] + : May P 
— 25", Ba(BO.)2 — 60°, BaTiO; _ (Bag.so—Pbo.50)TiOs |(Bay,s0—PBo,50)Ti0s, 313 


IV [50%,PbO —50% B,O03|+63°,BaTiO3 | (Bay,41—Pb,,;.)TIO3 |(Bag,ss—Pbp,s6)TiOs| 322 
309, [50°, PbO + 50% B,03|— be "a 
Vo) — 70%[50% BaTiOg + 50%PbTiOs] | (Bay,1o—Pbo,00)TiOs ((Bao,2s—Pbo,;5) TOs 


component concentrations. However, it must be borne in mind that in addition to 
mixed titanate crystals, PbTiO, crystals form in the solidified melt. Hence one 
should grow the (Ba-Pb)Ti03 crystals at the highest feasible temperature and then 
at about 950° pour off the remaining liquid phase. 

We grew crystals in a platinum crucible in a Silit furnace by cooling the 
appropriate melts from about 1350 to 950°, at which point the furnace was turned 
off. The component concentrations and temperature conditions were chosen on the 
basis of the data shown in Figs.1l through 4. The resultant crystals were treated 
with molten potassium fluoride; the fine crystals falling out in the process of 
rapid cooling were melted and thus eliminated. The large crystals were then 
picked out, washed with concentrated nitric acid and then with water. The varia- 
tion of the dielectric constant with temperature for two batches of crystals pre- 
pared in this manner is shown in Fig.5. 

The compositions of these two batches and three others are listed in Table 2. 
The composition of crystals of batches II and IV is shifted somewhat to the side 
of lower PbTi03 concentrations. A particularly noticeable shift in composition 
obtains for crystals of batch V, which may be explained by the fact that this melt 
was held at high temperature for a longer period. 

The formation of (Ba-Pb)Ti03 solid solution crystals was substantiated in all 
cases by x-ray diffraction studies (performed by E.G.Fesenko). It must be noted 
that the crystals obtained were not perfect as regards shape. The crystals of 
batches IV and V were light yellow and transparent; the crystals of batches I, II 
& III were dark. Only the finer crystals in all batches were characterized by a 
true single domain structure. Crystals of all batches were investigated after 
heating for 2 hours at 1200°, The measurements were carried out on a Q-meter at 
a frequency of 108 cps. (The dielectric measurements were performed by A.L.Khoda- 
kov.) 

We desire to thank N.S.Novosil'tsev for his interest in the work. 
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X-RAY SPECTROSCOPIC INVESTIGATION OF COMPOUNDS WITH THE PEROVSKITE STRUCTURE 
- M.A.Blokhin & A.T. Shuvaev 


The present work was devoted to an investigation of the K emission and ab- 
sorption spectra of Ti, the L emission and emission spectra of Zr, the K absorp- 
tion spectra of Fe and the L absorption spectra of Sr and Ba in BaTi03, SrTi0s, 
SrFe03, BaZr03 and PbZr0.. 

The work was carried out on a long wavelength photographic vacuum x-ray spec- 
trograph with a curved (r = 500 mm) quartz crystal (1010). In recording the emis- 
sion spectra,the x-ray tube was operated at a voltage of 4 Vo, where V, is the 
excitation potential of the corresponding spectrum, and a current of 4-10 ma. The 
absorption spectra were recorded against the background of the continuous radia- 
tion of a tungsten anode operated at 2 V, and 28-30 ma. We also studied the fluo- 
rescence spectrum of Ti in BaTi03; the fluorescence was excited by the K series of 
the primary radiation of chromium with the x-ray tube operated at ~35 kv and 30 ma. 

The spectra of Zr and Sr were obtained in the first order; those of Ti and Ba 
in the second order and that of Fe in the fourth. The resolution of the spectro- 
graph in the region of the Ly; spectra of Ba and the K spectra of Ti was ~4200; 
the resolution in the region of the Ly;; spectrum of Zr ~18,500. 

The K spectra of Ti in BaTi0., the K absorption spectrum of Fe in SrFe03 and 
the Lyzz absorption spectra of Ba and Sr in these compounds are shown in Fig.l. 
The Ti K685 emission line characterizes the distribution of p-symmetry electrons 
in the valence band of the crystal lattice; the Ti K absorption spectrum represents 
the distribution of p and, partially, d states* in the conduction band. The hump 
on the long wavelength side of the K edge of Ti(Fe) is separated from the princi- 
pal absorption edge by a gap of 2-3 ev. Thus there form in these compounds two 
conduction bands, of which the first contains primarily d states, the second p 
states. 

The Lyyzz spectra of Ba and Sr are shifted by the energy difference between 
the K level of Ti(Fe) and the Ly;; level of Ba(Sr). The bright selective Lyyy 
absorption lines of Ba and Sr coincide in frequency with the weak long wavelength 
peak in the K absorption spectrum of Ti(Fe). This indicates that in absorption 
the quadrupole transitions from the K level of Ti(Fe) and the dipole transitions 
from the Lyzyzz level** of Ba(Sr) go to a collective d state conduction band. 

The Liq spectra of Zr and Ba in BaZr03 and PbZrO, are shown in Fig. 2. The 
IB2 line and the L;;; selective absorption line characterize the d state distri- 
butions** in the valence band and conduction band, respectively. An energy gap 
of ~2 ev between the bands is clearly evident. 


*Only one or two 3d states are filled in the titanium ions bound in the en- 
mumerated compounds; the number of vacant 3d states is 8-9, i.e., appreciably 
greater than the number of filled states. The transition probability of d elec- 
trons to the ls level is very low - 13 times smaller than the transition proba- 
bility of p electrons.1 Hence the structure associated with 3d states is evinced 
only in the absorption spectrum in the form of a weak peak on the long wavelength 
side of the principal K edge of Ti. Further evidence in favor of this interpreta~ 
tion is the fact that this peak, which is present in the absorption spectra of 
compounds of the iron transition group, weakens and disappears as the 3d shell is 
filled, i.e., with increasing atomic number. 2 
**As follows from the experimental data of Jénsson? and Hicks’, the transi- 
tion probability of s electrons to the Ly;;z level is 1-2 orders of magnitude low- 
‘er than the transition probability for d electrons. Hence the Lyyy spectra es-" 
sentially characterize the distribution of d states. 
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Fig.2. Emission and absorption spectra of 
Zr in BaZrOg3 and PbZr03 and Lyyy absorp- 
0 10 20 i Eev tion spectrum of Ba in BaZrO3; the Lyyy 
spectrum of Ba is shifted by the energy 

Fig.1. Emission and absorption spectra difference between the Zr Lyyz and Ba Lyyy 


of ions bound in BaTi03, SrTi03 and levels. The curves for PbZr03 have been 
SrFe03; the Lyyy absorption spectra of corrected to allow for the width of the 
Ba and Sr are shifted by the energy Lyzy level of Zr and the apparatus dis- 
difference between the Ti K (Fe K) tortion. 


and Ba Lyyy (Sr Lyyy) levels. 

In all the investigated spectra of 
the cations centered in the oxygen octa- 
hedra there is evident a line associated 
with transitions of valence electrons. 
This indicates that the bonds in these 
compounds are partially covalent inasmuch 
as in the case of purely ionic bonds the 
valence electron cloud is fully localized 
at the anion and hence the given line 
could not appear. 

For the purpose of rough evaluation 

Figca: of the degree of covalence, we determined 
the intensity of the KBs line with respect 
to the KB; line for Ti, both metallic and in BaTi0,. The ratios obtained were 
0.020 and 0.035, respectively, i.e., a greater number of p electrons is retained 
near the Ti ion in BaTiO, as compared with the metal, which indicates an appreci- 
able degree of covalence of the bonding of Ti with the oxygen in the BaTi0g lat- 
tice. 

From the curves of Fig.3, one can find the number of electrons corresponding 
to a given intensity ratio. Curve 1 shows the variation of the relative intensity 
I(KB5,2)/1(KB;) with the atomic number for pure elements in the solid state;* 

*Curve 1 is plotted on the basis of Meyer's data on the ratio of intensities 
at the line peaks. Actually, however, the number of p electrons is proportional 
to the ratio of the integral intensities. Inasmuch as the valence and nearby 
levels are broadened due to interaction between the atoms in the solid, curve 1] 
in the Zz < 44 region lies below the curve for the ratio of integral intensities. 
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2 gives the Z dependence of the number of 4p electrons in free atoms. 
The circle points in Fig.3 represent our experimental data. It will be 

€ ident from Fig.3 that there are 1.3 valence p electrons per Ti ion in BaTi03. 
‘In addition the Ti ions have d* and apparently s electrons. Thus the degree of 
covalence of the Ti bonds in BaTi0, exceeds 35%. 

;: Previously, one of us® investigated the temperature dependence of the height 
of the conduction band in BaTi0,. It was found that with increasing temperature 

‘in approaching the ferroelectric Curie point the conduction band is shifted towards 
‘the valence band, i.e., the energy gap narrows. This displacement attains a maxi- 
mum value of ~0.6 ev at the Curie point; with further increase of temperature above 
the Curie point the conduction band shifts in the opposite direction, returning to 
its initial position. It is interesting to note that the activation energy for 
BaTi0,, as determined from the variation of electric conductivity with temperature, ” 
exhibits a similar temperature dependence; at the Curie point the conductivity de- 
creases by exactly 0.6 ev. 


Conclusions 


1. The valence band in compounds with the perovskite structure is a hybrid 
one with a large admixture of p states. 


2. The formation of a collective d electron conduction band in these compounds 
has been substantiated experimentally. 

3. The conduction band consists primarily of d states with a small admixture 
of p states. 

4. The next band of free states consists primarily of p states with a non- 
uniform density distribution. 

5. The effective charge on the Ti ion in BaTiO, is not less than 2.7. 


6. The energy of the electron states in the conduction band decreases close 
to the Curie point. 


Rostov-on-the-Don State University 
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*This is indirectly indicated by the presence of the L892 line of Zr in the 
spectra of BaZrO3 and PbZr03. This line is associated with transitions of d 
valence electrons; the distribution of electrons in these compounds is similar 
to their distribution in BaTi03. 
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INFRARED ABSORPTION SPECTRA OF PEROVSKITE TYPE FERROELECTRIC CRYSTALS 
- A..F. Iatsenko 


In virtually all current theories of ferroelectricity the primary responsi- 
bility for the ferroelectric anomalies in perovskite type crystals is laid on 
the oxygen octahedron, the central cation being relegated to a subsidiary role. 
The different theories differ mainly as regards the postulated character of the 
internal motions of the oxygen octahedron. Investigation of the vibrational spec 
tra of ferroelectric crystals on the basis of the experimental infrared (IR) ab- 
sorption spectra and Raman spectra can yield valuable information on the atomic 
arrangements and forces in the crystal lattice. 

For investigating the absorption spectra we used an IKS-6 spectrometer for 
the 0.7 to 25 region and a DFS-4 spectrometer for the 0.3 to 0.7 y region. The 
latter spectrometer was also used for studying the Raman spectra. The powder 
specimens for the absorption studies were prepared by the procedure described in 
Ref.1. 

20000 10000-5000 2000 1000 500 400cm-+ +The absorption spectra of 
BaTi03 are shown in Fig.l. The 
single crystals are character- 
ized by continuous absorption 
in the regions below 0.4 yu» and 
above 10-12 uw and relatively 
narrow bands at about 8 yu and 
10.3 uy. The powder specimens 
with an effective thickness of 
0.5 to 2 microns exhibit strong 
bands centered at 17.3 and 24.4 
yj; the former has a distinct 
ee shoulder at about 14.8 p. At 

0,5 1,0 2 3 5 7 10 20 Ap temperatures close to the Curie 

point and in certain solid solu 
Fig.1. Transmission of barium titanate: 1) single tions, this shoulder is very 
crystal, d = 0.22 mm; 2) single crystal, d= prominent and often becomes a 
= 0.095 mm, 3) powder, d = 1 micron; 4) finely separate narrow band, disappear 
dispersed nonferroelectric powder, d * 1 micron. ing at temperatures above the 
Curie point. The spectrogram 
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also shows the intrinsic absorption edge, ex- 
dv, dn tending from 4000 A, which is associated with 
electron transitions from the valence band to 

O @1 On O or 


d d show the absorption spectrum obtained for a 
0, 0 finely dispersed nonferroelectric specimen of 
o BaTi03. Noteworthy features are broadening of 
Oo ? O 0 0 the Y, band and the absence of the shoulder at 
d O 14.8 yp. Partially reduced, black BaTiO, has a 
spectrum identical with that of the tetragonal 
: modification except that the intrinsic absorp- 
Fig.2. Vibrations of the oxygen tion edge extends over the visible region. 
octahedra: Yj- valence (stretch- We also investigated the IR absorption 
ing), Yg- deformation (bending). spectra of a number of other titanates (CaTi03, 
SrTi03 & PbTi03), zirconates (SrZr03, BaZr0, 
& PbZr03), stannates (SrSn03 & BaSn03) and W0O3. The data on these spectra are sur 
marized in the accompanying table. 


Oo" the conduction band. In the same figure we 
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| Frequencies Chitrge 
“Mi cm? Ya, cu “ aL a 


: PbTiO; * 575 |~420] 0,34] 1,4 | 0,76] 1,8 | 4,5 
| BaTiOg ** 578 |~4101 0,37| 1.14 | 0,90] 1.5 | 1,9 
SrTiOs 620 |~420] 0/33 | 1/2 | 0,65] 1,9 | 2/0 
; CaTiOs 500} ~430 
; BaTiO; — black*** | 576 |~415 
; BaTi0s —cubic 580 |~440] 0,42 
7 PbZrOs * 593 |~380|0,23| 1,4 | 0,54 
; BaZrOs 573 |~400] 0,32 
SrZr0s 584 | ~400] 0:34 
BaSnOs 635 |~400] 0,24 
SrSn0z 690 | 435/0,14] 1,9 | 0,74 
870 | 780] 0,21] 3,3 | 2.5 | 1,2 | 0,88 


' J*The V1 band is broadened to the low frequency side. 
“ **The Vz band has a shoulder at 675 an. 
**xShoul der 


at 670 a>. 


It must be noted that lead 
zirconate and titanate have an 
additional band at about 13.5 yu 
(we have not identified this 
band but it is certainly not 
due to impurities); the V, band 
in the spectra of both these 
compounds has a shoulder on its 
low frequency side. Replace- 


Absorption 


10 10" 10 10 10? 10" me. on? ment of the light Ti ion by 
Fig.3. Absorption (in arbitrary units) of heavier Zr or Sn ions leads to 


ferroelectric perovskite type crystals. displacement of the spectra to 

‘ the high frequency side, which 
indicates appreciable strengthening of the linkage between the central ion and the 
oxygens. 

; The infrared vibration spectra of an ideal perovskite lattice should consist 
of three triply degenerate bands, one of which (40-50 yu) 2 corresponds to oscilla- 
tions of the Ba ions relative to the Ti03 groups, while the other two are associa- 
ted with internal vibrations of the oxygen octahedra (¥] is a purely valence vibra- 

tion; ¥. is a purely deformation - bending - vibration having a lower frequency 
than ¥}) (Fig.2). This interpretation is substantiated by the spectrum of W0O3, 
the lattice of which consists only of oxygen octahedra with W ions at the center. 
The weak absorption bands in the spectra of single crystals at 8 » and 10.3 » may 
be identified as the first overtones of VY, and Vp. 

Full absorption spectrum of perovskite type (BaTi03) crystals including the 
microwave region is shown in Fig.3. 

We calculated the potential function force constants in the harmonic oscilla- 
tor approximation for many of the investigated substances (see table). The force 
constants for BaTi03 and solid solutions with a Curie point close to room tempera- 
ture comprise a very small imaginary part. This is in agreement with results ob- 
tained by Last?, although his frequency values differ appreciably from ours. Ap- 
parently, the harmonic approximation is not really admissible in this case. Hav- 
ing measured the absolute intensity of the absorption bands, one can determine 
the dipole charge associated with the valence and deformation vibrations in the 
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harmonic approximation 


where (,», k and x are, respectively, the dipole charge, the frequency, the force 
constant and the absolute intensity of the given vibration. The results of our 
dipole charge evaluations are also listed in the table. 

From a comparison of the frequency of the fundamentals and the first over- 
tones one can calculate the mechanical anharmonicity coefficients entering into 
the expansion of the vibrational energy in powers of the vibrational quantum nun- 
bers. For the valence vibrations the relative anharmonicity coefficient is 10% 
(for BaTi03), whereas the usually observed anharmonicity of molecular vibrations 
is of the order of 1% even for the lightest atoms. The large mechanical anharmon- 
icity is also evinced in partial removal of the degeneracy of the valence vibra- 
tions (appearance of the shoulder at 14.8 on the side of the Vj band). It fol- 
lows from the observed temperature behavior of the shoulder that the mechanical 
anharmonicity is most pronounced in the vicinity of the Curie point. Comparison 
of the intensity of the bands of the fundamental Vv, and its first overtone (%m /xo: 
~400) indicates that the magnitude of the electro-optical anharmonicity in the 
IR region is negligibly small. 

We attempted to obtain the Raman spectrum of BaTi03 in the hope of detecting 
the valence frequency ¥,. The results were negative, which indicates that the 
asymmetry of the Ti-O bonds in tetragonal BaTi03 is insignificant. 

It may be of interest to compare our results with the deductions following 
from some of the current theories of ferroelectricity: a) it follows from Jaynes'3 
theory that there should be an infrared absorption band with hy = 4 kT, (for 
BaTi03, Vp = 1100 em71) ; this deduction is not substantiated by experiment; b) 
Slater's4 theory takes into account only mechanical anharmonicity, yet for wave- 
lengths X} > 1 cm the electron optical anharmonicity is very appreciable; c) Bar- 
rett's® relation for the critical temperature Tor = hy /k = 410 n is qualitatively 
substantiated for the second part of the equality; d) unfortunately the inadequate 
resolution of our instruments made it impossible to check the predictions of 
Mason's theory. 


Rostov-on-the-Don State University 
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ON THE NATURE OF COLOR CENTERS IN BARIUM TITANATE CRYSTALS 
- M.S.Kosman & E.V.Bursian 


In an earlier communicationl we reported on observing an effect in BaTiO 
single crystals analogous to coloring in alkali halide crystals (hereinafter AHC). 
We investigated two types of coloring in crystal specimens prepared by the proce- 
dure described in Ref.2: change in the color of the crystals from pale yellow to 
reddish brown in an oxidizing atmosphere (oxygen) and from pale yellow to bluish 
gray in a reducing atmosphere (hydrogen or vacuum). Further, it was found that 
when dc current is passed through a crystal reddish brown color spreads from the 
anode, grayish blue from the cathode. The wavelength of the absorption band in 
reddish brown crystals is the same (450-460 mu) regardless of the method of color- 
ing (oxidizing atmosphere or current). 

To emphasize certain similarities with V and F centers in AHC, we shall call 
the centers responsible for the reddish brown color v centers, and those responsi- 
ble for the grayish blue, f centers. We note, however, that there are significant 
differences in the behavior of colored BaTiO, as compared with AHC. BaTi0, single 
crystals are colored much more readily than AHC; v-center coloring can be realized 
even at room temperature, while at high temperatures there is no need to use high 
voltages (at 300° a field of 3 v/mm is adequate). The color intensity obtainable 
is much greater in BaTi03. No photoeffect in the case of v-coloring is observed. 
The conductivity of a v-colored crystal is lower than that of a colorless one 
(whereas in AHC coloring is accompanied by the appearance of a photoeffect and 
increase of the dark conductance). In the case of rapid deep cooling of colored 
AHC there occurs "freezing" of the F center concentration, i.e., a higher than 
equilibrium concentration persists in the cooled crystal. In BaTi03 the behavior 
of v centers is different. Thus, if after heating in oxygen, the crystal is cool- 
ed gradually over a period of several hours the crystal becomes colored reddish 
brown. In case of rapid cooling (quenching) , how- 
ever, no v-color develops. If a large crystal (mini- 
mum dimension over 1 mm) is cooled quickly, its ex- 
ternal parts, which cool more quickly, and, particu- 
larly, any chipped-off edges or corners remain un- 
colored in sharp contrast to the intensely colored 
central region (Fig.l). 

According to our rough evaluation, the concen- 
tration of color centers in crystals that color well 
is of the order of 1019 cm-3. Such a concentration 
can hardly affect the structure of the lattice as a 
whole or noticeably alter the phase transition tem- 
peratures, but it is sufficient to produce an appre- 
Fig.1. Result of quenching ciable change in conductivity. This in turn should 
a large BaTi03 single crys- lead to a change in the domain pattern and modifica- 
tal in oxygen. ‘ tion of the pattern dynamics in an electric field. 

Accordingly, we assumed that coloring should result 
in a change in the shape of the dielectric hysteresis loop. 

Experimental verification of this assumption showed the following. Bleach- 
ing of the crystals in a reducing atmosphere (studies of the absorption spectra 
indicate that chemical reduction is not involved) leads to an appreciable increase 
of the electric conductivity (the degree of increase is strongly dependent on the 
cooling conditions). The conductivity of bleached crystals is virtually independ- 
ent of the temperature in the range from ~20° to 200°C (Fig.2, curve A). At high- 
er temperatures or in stronger fields v-center coloring occurs. In this case the 
conductivity at first falls off sharply (jump of several orders of magnitude) and 


— ee 


— 


————-—, 
oom 


ar ae 


2 aes | 


- 1454 - 


log 6 then decreases slowly as long as coloring continues. The 
: headed Ua at room temperature increases by a factor of 

. : A 10%-10". At the same time there appears a strong tempera- 
‘ ture dependence of the conductivity, corresponding to an 


activation energy of 1.2-1.4 ev (Fig.2, curve B). The 

phase transition temperature, which varies from 120 to 

140° in different specimens, does not change within +3°) 
7 incident to bleaching or v-center coloring. 


! Reduction of the crystal begins with appearance of 
f centers. In the process the conductivity increases 
greatly. However, the crystal does not lose its ferro- 
9 electric properties as evinced by the persistence of do- 
\ main structure and domain motions in an electric field. 
: : 0! Observation of the domain structure and dynamics by means 
of a polarization microscope is, of course, the only meth- 
‘Fig.2. Temperature de- od of detecting ferroelectricity in semiconductors. 
pendences of the elec- If a bleached crystal is connected into a Sawyer- 
tric conductivity of Tower circuit for observing dielectric hysteresis, one 
bleached (A) and v- observes the following sequence of hysteresis loops (Fig. 
-colored (B) crystals. 2): I - bleached crystal; the oscilloscope trace has noth- 


ing in common with a hysteresis loop and indicates only 
high conductivity and a phase shift; curve II appears immediately after I. Curve 
III and subsequently IV appear much later, after the crystal has been held in an 
electric field for an appreciable period. As a result of holding in the field the 
crystal becomes colored. 
The changes occurring simultaneously with color- 
ing suggest that there is a connection between color- 
ing and aging, although this variation with time ob- 


i H 
! ey ! a 
» viously does not involve such processes as high volt- 
210° coul. : : : 
, age polarization, rearrangement of the domain pattern, 
Q Y etc. 
uv X-ray diffraction studies carried out at our re- 
f 4d quest by E.L.Gal'perin showed that the parameters of 
| 
I | 
|: 


the BaTiO. lattice do not change in the process of 
v-center coloring and bleaching. 
On the basis of the experimental data one can 
‘ propose the following models: a v center is apparent- 


Fig.3. Variation of the ly a lattice defect (deficiency of a positive ion) 
hysteresis loops in the encompassing one or more holes; an f center is an 
process of coloring. analogous "oxygen" vacancy encompassing one or two 


electrons. Thus coloring in oxygen amounts to super- 

ficial absorption of oxygen atoms; these atoms subsequently transform into ions by 
appropriation of electrons from neighboring ions in the lattice. This leads to the 
appearance of the holes necessary for the formation of v centers. Vacant sites of 
both polarities (Schottky defects) are always present in the crystal lattice. The 
v-center formation process is hindered by the field induced in the crystal (the 
crystal is charged positive relative to the surface). At a sufficiently high tem- 
perature, this field is liquidated either by diffusion of oxygen ions into the crys- 
tal, where they fill the corresponding vacant sites, or by migration of positive 
ions to the surface, where, as a result, a new lattice layer is formed. Careful 
density measurements should allow of deciding between these mechanisms. 

The migration or spreading of color through the crystal may be explained by 
the presence within the crystal of a sufficient number of defects, which subse- 
quently trap holes coming from the anode, forming additional new v centers. True, 
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in view of the neutrality of all parts of the crystal, it must be assumed that 
initially there is present the same number of positive defects and that there ob- 
tains electrolytic conductivity, which makes the movement of defects possible. 
The displacement of the f cloud through the crystal is due to motion of electrons. 

Thus a necessary condition for coloring of BaTi03 crystals is the presence 
of defects (vacant sites). In this case from the maximum intensity of coloring 
(i.e., by measuring the absorption coefficient) one can evaluate the concentration 
of such defects. This is one of the methods that may be proposed for evaluating 
the quality of single crystals. Thus, for example, it was found that crystals 
grown by the Remeika procedure with Fe20, virtually do not color, which indicates 
that they are characterized by a high degree of perfection as regards microstruc- 
ture. 


"A. I.Gertsen" Leningrad State Pedagogical Institute 
References 


1. M.S.Kosman & E.V.Bursian, Doklady AN SSSR, 115, 483 (1957). 
2. E.V.Bursian, Uch.zap. (Scientific notes), Leningrad State Pedagogical 
Institute, 148, 216 (1958). 


HIGH TEMPERATURE POLYMORPHOUS TRANSFORMATION IN BARIUM TITANATE 
= 1.A.1r1ironov 


There is available in the literature information on the dielectric properties ,1 
the crystal structure2 and the methods of preparation3~© of nonferroelectric barium 
titanate; the phase diagrams of this substance have also been obtained. 457 

The present work was concerned with the transformation of BaTiO? from the hexa- 
gonal modification to that with the perovskite structure, a process that has hither- 
to received scant attention from investigators. This transformation is accompanied 
by changes in a number of structure-sensitive properties, particularly changes in 
the dielectric constant €. In fact, it is feasible to evaluate the degree of trans- 
formation from one crystal modification to another from the change in the magnitude 
of €. 

Curves characterizing the variation of the dielectric constant € as a function ° 
of the temperature T for one and the same specimen in different modifications are 
shown in Fig.1. As a measure of the degree of polymorphous transformation one can 
conveniently take a quantity connected with the ¢€ vs T curve, namely, the difference 
AE = 2n - €,- Since there is usually present in specimens a mixture of two phases, 
having different dielectric constants at the given temperature, it is important to 
establish the functional dependence 


fn = F(X, ent, €n)> 


where €, is the dielectric constant of a nonferroelectric specimen, €, is the di- 
electric constant at the Curie point of a partially annealed specimen, i.e., the 
specimen under study, €mf is the dielectric constant at the Curie point of a fully 
annealed specimen wholly converted to the ferroelectric state and @ is the concen- 
tration of the ferroelectric phase. 


= teoa 7 ye 


or 
a4. peneey ca 


For €m we can write 
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Em = AEn¢ + (1 - ME, (1) 


then the concentration @ of the ferroelectric phase will be given by 


Ae 
€mf - €n 


In our experiments the transformation of the high temperature modification 
of BaTiO, to the modification with the perovskite structure was realized by anneal- 
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of a barium titanate speci- 
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ing the crystal. After each anneal, we recorded the 
variation of € with temperature. The € = f (T) curves 
for a sample held for 3 hours successively at 1100, 
1150, 1200 and 1250° are shown in Fig.2. One can 
judge of the appearance of the ferroelectric phase 

in a given specimen, i.e., after annealing at the 
given temperature, from the growth of the maximum in 
the € vs T curve. 

Our experiments showed that the temperature at 
which the transformation begins in barium titante 
lies between 1050 and 11009. None of the specimens 
heated at temperature up to 1050° evinced any indi- 
cation of the beginning of the polymorphous trans- 
formation; yet it is reported in the literature® that 
heating of the hexagonal modification of barium titan- 
ate at 1050° induces the transformation to the perov- 
skite structure phase. 

For specimens with different degrees of develop- 
ment of the polymorphous transformation, the concen- 
tration of the ferroelectric phase is a function of 
the temperature and the annealing time: 


GQ = O(T,T). 


In our case, however, the holding time at heat 
was constant (3 hours); only the annealing tempera- 
ture was varied. 

Differentiating Eq.(1) with respect to tempera- 
ture, we obtain 


aT ~ ~€mf - €n aT 


From the test data one can follow the variation 
of Aé = f{M; the temperature dependence of q@ differs 
from that of Ae only by a constant factor; hence the 
A€é = F(T) curves characterize the variation of the 
concentration of the ferroelectric phase with the 
annealing temperature of the initially hexagonal spe- 
cimen. The dependence in question is plotted in 
Biles 


i 
+Fig.2. € = f(T) curves corresponding to different 


phase compositions in a specimen held at different 
temperatures at 3 hours: 1) before annealing, 2) after 
heating at 1100°, 3) 1150°, 4) 1200° and 5) 1250°. 
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Fig.3. Variation of a 
quantity (Aé) proportional 
to the concentration of 
ferroelectric phase in the 
specimen with the anneal- 
ing temperature. 
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According to Trzebiatowski et al? the polymorphous 
transformation point is 1450°; at this temperature both 
modifications of BaTi03 are in a state of dynamic equi- 
librium. The phase composition in the specimen remains 
constant when it is held at this temperature. Hence in 
the curve of Fig.3 we have taken Ae = 0 at 1450°. The 
dashed part of the curve indicates the approximate tem- 
perature variation of A€ and, consequently, the tempera- 
ture variation of @ in the temperature range from 1450 
£0°1375°. 

The curve characterizing the variation of a quanti- 
ty (for example, Aé) proportional to the concentration 
of the perovskite structure modification of barium ti- 
tanate with the temperature of supercooling of the meta- 
stable phase (the hexagonal modification at t < 1450°) 


. is a typical curve of the dependence of the rate of 


crystallization of a melt on the degree of supercooling. 


The similarity of the curves characterizing the variation of the rate of phase trans- 
formation with the supercooling temperature in the solid state and in process of 
solidification indicates that these processes have common traits, namely, formation 
of crystallization nuclei and their ensuing growth. 


Conclusions 


1. A distinctive feature of the investigated substance - barium titanate - is 
that in the process of rearrangement of the crystal lattice it transforms from a 


nonferroelectric to a ferroelectric state. 
sensitive peoperties undergo a considerable change. 


As a result, some of its structure- 
In analyzing the phase trans- 


formation in BaTi03; we evaluated the degree of transformation from the change in 
the most structure-sensitive property, namely, the dielectric constant. 

2. We determined the character of the variation in the relative concentration 
of the ferroelectric phase as a function of the heat treatment temperature of the 


hexagonal modification. 


The appearance of the Aé€ vs T curve (Fig.3) indicates that 


the phase transformation in BaTi03 is a process involving nucleation. 
I desire to express my sincere gratitude to B.M.Vul for valuable advice and 
N.S.Novosil'tsev for considerate guidance. 


Rostov-on-the-Don State University 
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NONLINEAR PROPERTIES OF Pb DOPED BaTi03 SINGLE CRYSTALS AND TRI-GLYCINE SULFATE 
SINGLE CRYSTALS IN STRONG ELECTRIC FIELDS 
- I.S.Zheludev, V.V.Gladkii, L.Z.Rusakov & I.S.Rez 


Ferroelectric capacitors are characterized by a nonlinear, hysteresis type 
variation of charge with the applied field. Assuming that this variation can be 
represented by an idealized loop of the type shown in Fig.l, one can, according 
to Mason!, find the relation between any charge harmonic, the ac and de field 
strength and the geometric characteristic of the loop. 

Considering the first harmonic, we have the following expressions for the 
capacitance C; and resistance R: 


’ Im , . A 
Oy tps 12 (F — %1 — Ht, + as) - Sin 2x, + sin 2a. — sin 2a,]: (1) 
{ Te 20Fodm a 
eae S= Ste oe [Em + E.— E,— E,), (2) 
m m S 
where 
Tees eR 6 | aN) La 
— dy) arc COs] _ i ce =| &) == arc cos [— m —] 
7 E m ; Ey, 
; ex i. — | 
x 2% —are cos |———-—— 
a ? 


S is the area of the loop and the other notation is defined in Fig.l. 

It follows from (1) and (2) that 
with increasing rectangularity of the 
loop (i-e., as Eg-—»0), both the conduct- 
ance (1/R) and the susceptance (Cj) 
increase. Hence increasing rectangulari- 
ty will be accompanied by increase of 
the first derivatives of 1/R and C, with 
respect to the ac and de fields, the non- 
linearity coefficient N = (1/C,) (dC j/dE,) 
and the loss tangent tan §. On the other 
hand, obviously, tan § will decrease with 


_ f 


nd decrease of the coercive field E,. It 
Fig.l. Idealized hysteresis loop: ,,- may be concluded therefore that the best 
maximum charge on the capacitor, E,, - nonlinear material will be one having a 
crest sinusoidal voltage varying with maximum rectangularity of the hysteresis 
the frequency , Ec. - coercive field loop combined with the lowest coercive 
strength, E, - biasing field strength, field strength. 
and E, - saturating field strength. It may be noted that for the limit- 


ing case of a loop in the form of a true 
rectangle, i.e., with E, = O and E, = Eg, the capacitance C, = O, R = rE./wq, and 
i: Ut epee ome 

Thus if there were a material with such an ideal rectangular loop it would 
behave as a pure resistance. 

In view of the above considerations, for the purposes of our study we chose 
materials characterized by the most nearly rectangular hysteresis loops (Fig.2), 
namely, a) BaTi03 single crystals with different amounts of PbTi0, and b) tri- 
glycine sulfate [(NHgCHgCOOH) 3-H2S04] single crystals. 

In all we investigated five lots of BaTi03 single crystals with different 
lead contents. The maximum nonlinearity was exhibited by the specimens contain- 
ing about 1% PbTiO; (E, = 800 v/cm; Curie point ~120°C). Below we give the measure- 


ment results only for crystals of this batch. 
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a 


Fig.2. Hysteresis loops recorded at room temperature: a) BaTi0g (E, = 800 v/cn, 
Pg = 2610-3 coulomb/cm2) , b) tri-glycine sulfate (Eg = 300 v/cm2, Pg = 2-10-73 
coulomb/cm2) . 
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Fig.3. Variation of effective dielectric 
constant €err with the ac field E' for 
1) BaTi03, 2) tri-glycine sulfate and 3) 
Varikond VK-1l. 
Fig.4. Variation of the dielectric constant €.r-¢ with the biasing dc field E, for 
1) BaTi03, 2) tri-glycine sulfate, 3)Rochelle salt and 4) Varikond VK-1. 


The coercive field strength in tri-glycine sulfate depends on the amplitude 
of the voltage on the crystal and varies in the range from 220 to 600 v/cm; the 
Curie temperature is 40°C. We carried out measurements of the effective capaci- 
tance Cerr (i.e., actually €,¢-) and the first harmonic capacitance Cy (i.e., €)) 
as a function of the ac and dc fields. Cyrr was determined according to Ohm's law 
by means of a crystal-resistance circuit; C] was measured on an MPP-300 impedance 
bridge, using a selective indicator in the bridge diagonal. All measurements were 
performed at room temperature. 

The curves for the variation of the dielectric constant with the ac and bias- 
ing dc field strengths for BaTi03 and tri-glycine sulfate are shown in Figs.3 & 4. 
For purposes of comparison we also give the corresponding data for Varikond VK-1 
(Ref.2) and (in Fig.4) Rochelle salt. 
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It will be evident that the slopes 
of the € vs E, curves for BaTi03 crystals, 
tri-glycine sulfate and Rochelle salt are 
nearly the same, but that the latter two 
substances are characterized by consist- 
ently lower values of € in the entire 
range of E, values. Inasmuch as the di- 
electric constant appears in the denomin- 
ator of the expression for the nonlineari- 
ty coefficient N, the substances fall into 
the following series as regards decreas- 
ing values of N: 1) tri-glycine sulfate 
and Rochelle salt - Nyay = 80, 2) BaTi03 
- Nmax ™ 30 and 3) Varikond VK-1 - Nmax 


= 2. 
iG The dielectric loss tangent with zero 
ce, Kv/om biasing field has a maximum near E,, = Eg; 
Fig.5S. Variation of €] and tan § of for tri-glycine sulfate tan &nax > 3.8, 
tri-glycine sulfate with the ac field while for BaTi03 tan 8n,x, 71.2. Ina de 
E~ as E~ is increased and decreased field (Ep # 0), tan § decreases with in- 
(Eo = 0). creasing Eg and drops to a very low value 
«1073 : tg96 in strong fields €0.05 for both BaTi0g and tri-gly- 
cine sulfate). Obviously, with increasing Eo, and 
decreasing tan §,the nonlinearity coefficient N also 


decreases (going to zero at the limit). 

The curves characterizing the variation of €) 
as a function of E~ and Eo recorded for tri-glycine 
sulfate with increase and decrease of the ac and dc 
fields are shown in Figs.5 & 6. It will be seen 
that the "forward" and "reverse curves do not co- 
incide. 

It will be seen from Fig.6, which shows the 
variation of €, with E, for two values of E~, that 
at E~ = 100 v/em a de field of 250 v/em fully "sat- 
af 0,2 93 €.k4¢"  wurates'’ the crystal. The value of € measured after 
Fig.6. Variation of €), and removal of the biasing field does not change after 
tan § of tri-glycine sulfate the crystal is held for a considerable time in a 
with the de biasing field E, 100 v/cm ac field or stored in zero field at room 


as Eo is increased and de- temperature for 24 hours. 
creased: 1) E~ = 100 v/cm With increasing ac field strength, the diver- 
and 2) E, = 500 v/em. gence between the "forward" and ‘reverse’ € vs Eo 


curves naturally decreases, but it remains notice- 
able even in strong fields. The divergence between the € curves is smaller for 
BaTi03 single crystals and persists only up to E = 500 v/cm. 


Conclusions 


1. Investigations of tri-glycine sulfate and BaTi03 single crystals ina 
strong electric field (E, > Ec) showed that these materials are characterized by 
a high degree of nonlinearity (for tri-glycine sulfate - N = 80, for BaTi03 - 

4 N = 30) and high values of the dielectric loss tangent (for tri-glycine sulfate 


; tan Snax = 3-8; for BaTi03 tan Smax = 1-2). 
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2. For tri-glycine sulfate crystals we observed a substantial divergence 
between the € vs field (both ac and dc) curves recorded in increasing and decreas- 
ing fields. The appreciable difference between the € curves for tri-glycine sul- 
fate recorded in an increasing and decreasing dc biasing field is evidence of the 
good electric "memory" of this substance. 


Institute of Crystallography, 

Academy of Sciences of the USSR & 

Central Scientific Research Laboratory for Piezoelectric Materials, 
Committee on Radio Electronics, Soviet of Ministers of the USSR 
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INDIVIDUAL CHARACTERISTICS OF DOMAINS IN ROCHELLE SALT 
- V.L.Indenbom & M.A.Chernysheva 


Polarization in ferroelectric materials is a complex process which is accom- 
panied not only by growth of some domains at the expense of others, but also by 
changes in the polarization of individual domains. For example, if initially there 
are two domains of equal thickness with antiparallel polarizations, upon the ap- 
plication of an external field (or a mechanical stress field) the absolute magni- 
tude of the polarization will increase in the domain that grows at the expense of 
its neighbor and decrease in the shrinking domain. 

This ‘individual behavior'' of the domains greatly hampers comparison of the- 
ory with experiment. Both the thermodynamic and the molecular theories of ferro- 
electricity operate with quantities pertaining to single crystals, whereas elec- 
trical and mechanical measurements (for example, measurements of the spontaneous 
polarization or deformation) are ordinarily performed on multiple domain specimens 
in which there occur simultaneously rearrangements within the domains and uncon- 
trolled movements of the domain walls. 

There can be little doubt that for rigorous verification of present theories 
and their further development it would be expedient to have experimental data char- 
acterizing individual domains. Even qualitative observation of domain behavior 
brings to light a number of facts conflicting with the common assumption that the 
domain structure of ferroelectrics is determined by the energy balance between the 
surface field and the domain walls. Thus, for example, observation shows that do- 
mains in ferroelectrics do not disappear when the specimen is shorted, although it 
would seem that some investigators regard this as axiomatic. 

One of us (Chernysheva!) noted in a report presented at the First Conference 
on Ferroelectricity that the readily measurable angle of rotation of the optical 
indicatrix of domains can serve as an asymmetry parameter and has certain advan- 
tages as such over the domain polarization, which is commonly used in the theory 
of ferroelectricity, or the spontaneous deformation, which is found to be more 
convenient in the general theory of phase transitions. Quantitative analysis2 
showed that in Rochelle salt the optical indicatrix rotates about the ferroelectric 
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Fig.1. Temperature variation of 
the monoclinicity parameter of 
Rochelle salt crystals according 
to the data of different authors. 
All the data has been converted 

to values of the spontaneous de- 
formation yz: 1) x-ray measure- 
ments of the monoclinicity angle,? 
2) direct measurement of the 

angle between the Y and Z faces4, 
3) calculated from the residual 
strain®, 4) calculated from the 
spontaneous polarization?, 5) cal- 
culated as the results of the 
first series of optical measure- 
ments shown in Fig.7 of Ref.2, 6) 
calculated from the results of the 
ninth series of measurements in 
Ref.2. The dashed line represents 
the averaged values from the opti- 
cal measurements given in Fig.8& 

of Ref.2. 
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axis by an angle 30 times greater than the 
twinning angle which is virtually equal to 

the spontaneous deformation Yyz- At a tempera- 
ture of about 18° these angles are about 

half a degree and one minute, respectively. 
This explains the advantages of the optical 
method (viewing the specimen through crossed 
polaroids or Nicols) for measuring the polar- 
ization and deformation of individual domains. 
The results of optical observations can be re- 
duced on the basis of the known relationship 
between the coefficients of the optical indi- 
catrix, deformation and polarization. 2 The 
consistence of the diverse data available on 
the temperature dependence of the monoclinici- 
ty parameter of Rochelle salt is illustrated 
in the diagram of Fig.1 (reproduced from Ref. 
2 with additional supplementary material). 

Apparently, the spontaneous polarization 
and deformation of Rochelle salt crystals de- 
pend on the history of the specimen and de- 
crease through successive cycles of measure- 
ment. In other words, the aging effect may 
be explained not only by retardation of wall 
movements by also by ‘volume aging’’ of each 
domain. Further investigation of this effect 
is essential not only in connection with prac- 
tical problems but also from the standpoint 
of theory, inasmuch as investigation of the 
temperature variation of the monoclinicity 
parameter, as we showed elsewhere®, makes it 
possible to construct the thermodynamic poten- 
tial of the ferroelectric. 

We also made an attempt at direct measure- 
ment of the spontaneous deformation of domains 
in Rochelle salt. As has been shown by Vitov- 
skii’, Rochelle salt crystals can be cleaved 
in the c plane. It is logical to assume that 
if a crystal is fractured at a temperature in 


the ferroelectric region there should be observable on the cleavage face a twin 

topography with faces corresponding to the ends of individual domains and inclined 
relative to each other at an angle equal to twice the twinning angle. And in fact 
we were able to detect on the surface of crystals cleaved along the c plane a topo- 


graphy sisnilar to that expected. 
cern a roof-like relief (Fig.2,a). 


With oblique illumination we could readily dis- 


The roof ridges can be distinguished from the 


valleys either by varying the focusing of the microscope or by drawing a sharp 

point over the surface. In Fig.2,b one can see where the scratching point hit 

the ridges and passed harmlessly over the valleys. The direction of the ridges 
was in all cases consistent with the orientation of the domains (the c domains 

intersect the c plane along the «a axis). 

Interferometric studies of cleavage faces show that the "roofs", as might be 
expected, have a low pitch (flat slope): as may be seen in Fig.3, the interfer- 
ence bands remain rectilinear over the extent of each domain and change direction 
sharply in passing over a domain wall. Qualitative analysis of the interferometric 
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data, however, led to an 
unexpected result: the 
angles between neighboring 
"roof sections" proved to 
be of the order of 40' in- 
stead of the expected 2'. 
It follows therefrom that 
either the spontaneous 
deformation (and polariza- 
tion) of Rochelle salt is 
an order of magnitude 
greater than assumed or 
that the cleavage planes 
in the domains do not co- 
incide with the former c 
plane of the orthorhombic 
crystal. In the latter 
case, however, it is not 
clear why the cleavage 
plane is a plane with a 
larger indices. 

We refrain from fur- 
ther discussion of the 
above mentioned effect 
pending accumulation of 
more detailed experimental 
data, but we would like to 
describe a number of other 
interesting effects observ- 
ed in investigating cleav- 
age faces. It is known 
that at the intersection 
of a crack with a screw 
dislocation the sides of 
the crack are found to be 
Fig.2. Cleavage face of a Rochelle salt crystal in at different elevations 
oblique illumination: a) twin topography at the edge and a step equal in height 
of the specimen; splitting of some of the domains is to the Burger dislocation 


, 
a 
| 

' 


evident; b) roof-like topography; the microscope is vector develops on the 
focused on the "valleys", hence the "ridges" are less cleavage face. If the 
clear; the fine structure on the slopes of some of crack crosses a block bound- 
the roofs is clearly discernible. Dark trail at cen- ary, consisting of a dis- 
ter - scratch made by needle point hitting the roof location nucleus (or net), 
"ridges". there appears a series of 


steps - cleavage echelons 


(Fig.4) - which further reunite into microscopic steps. As a result there form 
characteristic tree-like patterns. 
Typical tree-like patterns observed in our experiments are reproduced in 

Fig.5. By varying the angle of illumination we could verify that these figures 

actually correspond to block boundaries. This is discernible in Fig.5,b in which 

the disorientation of the blocks can clearly be seen owing to differences in il- 

lumination. In the same photograph there is evident an interesting correlation 

between the domain pattern and the beginnings of the cleavage echelons, correspond- 
ing to screw dislocations. It may be assumed that the fine structure of the domains 
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Fig.3. Interferograms of cleavage surface of Rochelle salt crystal: a) control 

photograph in reflected light; one can see the domain walls (vertical lines) and 

the cleavage face echelons (lower right); b) interference pattern of the same sec- 

tion of the crystal surface (light from mercury tube, \} = 546 mu; distance between 

bands = }/2). There are breaks in the interference bands at the domain walls and 
a distinct shift in the bands at the cleavage echelons. 


(Fig. 2,b and Fig.3) is connected with indi- 
vidual dislocations. The relation between 


domain structure and dislocations has been 
discussed earlier, independently by us? and 
omy Nakamural9, In particular, screw disloca- 
—— tions parallel to the c axis yield a stress 
== field with a nonzero T,z component, which 


determines the character of distortions of 

the twin pattern. Owing to this effect, dis- 
locations can interact with domain walls, in- 
fluence the coercive force of the ferroelec- 
Fig.4. Formation of cleavage eche- tric, determine the course of restoration of 


Wa 


lons at screw dislocations. The the domain structure after removal of the ex- 
series of screw dislocations cor- ternal field, etc. 

responds to the boundary of blocks Inasmuch as in investigating the fine 
rotated relative to each other structure of cleavage faces, one can establish 
about an axis perpendicular to the a correlation between the domain pattern and 
boundary (torsion boundary). the distribution of dislocations, such studies 


may prove to be very valuable in investigating 
other structure-sensitive properties of ferroelectrics. It is of particular in- 
terest to bring out the possible relation between dislocations and the magnitude 
of the coercive force and hence the ''memory'’ attributes of ferroelectrics. 


Institute of Crystallography, 
Academy of Sciences of the USSR 
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Fig.5. Tree-like cleavage echelon patterns appearing at the boundary of disorient- 
ed blocks: a) the beginning of each echelon marks the point of emergence of a screw 
dislocation to the surface; b) correlation between domain structure and dislocations. 
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SOME RESULTS OF A SEARCH FOR NEW PIEZOELECTRIC MATERIALS 
- I. S. Rez 


The purpose of the present work, in addition to discovery of new 
piezoelectrics and investigation of their electrophysical and physi- 
cochemical characteristics, was to establish a criterion that would 
be of help in finding new piezoelectric materials. 

There have been several attempts at formulating such a criteri- 
on. One of the earliest is the indication given by Wooster! that 
piezoelectric substances are characterized by the presence of acen- 
tric atomic structures. The validity of this general categorizing 
observation was tested as regards inorganic compounds by Zerfoss & 
Johnston*. On the basis of experimental data for more than 400 sub- 
stances, they established that piezoelectric structures, as a rule, 
contain asymmetric radicals and that when radicals of this type sur- 
round metal ions, the general asymmetry of the structure is enhanced. 

In 1952 Koptsik3 on the basis of extensive statistical material 
proved the validity of the refined geometric criterion according to 
which one may "with good probability expect a dielectric crystal to 
exhibit piezoelectric behavior if as regards its symmetry it belongs 
to one of the favorable space groups." 

Further work of Koptsik and his co-workers on his newly discov- 
ered piezoelectric materials substantiated the general validity of 
this criterion. Unfortunately, the possibility of utilizing this 
crystallo-physical criterion for purposes of prediction in the 
search for new piezoelectrics is complicated by the necessity of 
first having to determine the space group, which is a laborious and 
not always precise operation particularly as regards determining 
the acentricity. 

The present writer formulated the genetic search principle: it 
is expedient to seek for new piezoelectrics among families of sub- 
stances at least one member of which exhibits a pronounced piezo- 
effect. In such exploratory research, particular attention should 
be given to investigating the influence of different modifications 
of the type structure, particularly as regards enhancement of its 
asymmetry, increase of the molecular dipole moment, elimination of 
antiparallel packing of structural dipoles, reduction of the pack- 
ing density and increase of the stresses in the structure due to 
deformation of valence angles and long bonds. Here the availabili- 
ty of x-ray diffraction data is no longer a limiting factor, which 
greatly enlarges the number of substances entering into the scope 
of the search. 

The above argument is to a large extent based on the concept of 
homologous isomorphism introduced by Kitaigorodskii4 for series of 
organic compounds, the members of which, having geometrically simi- 
lar molecules, as a rule form exceptionally similar packings. As 
has been shown in our experimental work, these concepts in a num- 
ber of cases also hold for complex and organic compounds. Indirect 
substantiation of the views outlined above was obtained in analysis 
of the data of Mason-Holden® and examination of the distribution of 
acentric compounds according to ByPes and space group as classified 
by Donnay & Nowacki’ and Koptsik’. Accordingly, we carried out a 
selection of substances for testing for piezoactivity: to complete 
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the picture in some cares we deliberately chose, for control pur- 
poses, centrosymmetric structures, which naturally reduced the 
"yield" of piezoelectrics with respect to the total number of test- 
ed substances. A total of 676 substances, most in powder form, 
were tested for piezoelectric activity in the TsNILP (Central Sci- 
entific Research Laboratory for Piezoelectrics) in 1955-1957. The 
tests were carried out by means of the PT-2 piezotester described 
elsewhere. 

A list of the 363 compounds exhibiting piezoelectric behavior 
and a description of the test procedure are given in Ref.5. The 
results of the investigations are summarized in Tables 1 and 2, 
which show the distribution of the tested and active compounds 
among the classes of inorganic, complex and organic substances. 


Table 1 


Distribution according to type of compound of inorganic 
and complex substances exhibiting piezoactivity 


>? rr 
] aio Activity detected 
W058 
Na Type compound 1653 
Ale 4 FES prong wea totat 5 


_— 


1 | AX 11 4 | 38 i 64 

2 | AX 8 | —| 8 3 37 

AX»-AX OS aN eee -— _ 

| AXz, AzXs,. AoX3 9 2 / 2 4 44 
4 | With complex AXyanion | | 

a) planc triangle 13 _— 3 3 23 

b) pyramidal form 18 4 | 11 61 

5 | With complcx AX,anion | 28 2 8 10 36 

6 | Complex sulfocyanides 

a) A [Hg (CNS)q] 5 2 3 5 | 100 

| Bi Anco | 4 4 2 3 75 

| c) A {Zn (CNS)| 3 1: ol teaee 1 33 

d) A [CNS}2-n Py GO Livia 3 5 84 

cade “ +4 

| c) A [CNS], -B, Pe ofl i dass 2 mee a3 

7 | Other complexes including 2 = 

o 


a) dimethyl glyoximates 
b) Pt & Pd complexes 1 16 
c) other complexcs 
Heteropoly acids & their salts 


8 


| 
1 a ae | 160 | 39 | 44 / 83 52 


Inorganic and Complex Compounds 


For convenience of analysis the tested inorganic and complex 
>Ompounds have been divided into eight basic types with several 
subtypes (Table 2). 

: Noteworthy is the exceptionally high "yield" of piezoelectrics, 
i.e., 52% of the total number of specimens tested exhibited some 
legree of piezoelectric activity as compared with 17% of acentric 
structure substances and 6.2% of the substances with a structure 
“avorable to the appearance of the piezoelectric effect of the to- 
sal number of inorganic compounds investigated by Donnay & Nowacki 
ind Koptsik, respectively. 

[ The following general conclusions may be drawn on the basis of 
t critical examination of the test data for inorganic compounds: 
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Table 2 
Distribution according to type of compound of organic 
Substances exhibiting piezoactivity 


| ' Activity detecte 


'Total 


No. 4 | | 
a? compound | BIE con weak total % 


—+— : 


! Amines 
» Amines salts 48 
; Amines acids / 


i Gyanad compounds 14 ry 

2 Prectciie P 8 6 

i enna ounds a rf) I 5 | 

7 Carbonyl compounds / 
ay Containing CO croup (ex- 

cluding acids & their salts) 15 6 

bd) esters 6 wt 

c) oxalates i 

d) phthalates ti ! 


_ _e@ Sg aoids & their salts 36 » 
s  Polynuclear hydrocarbons 
a Beep epesene derivatives {2 
hraquinone ) 15 
| ¢) Other po agate let d 65 
9 | Nitro compounds : 
0 | Nitroso compounds 7 
1 | Hydroxy compounds | 
2 H rosy. acids & their salts 
citrates ape pee 
bd) tartrates 8 1 
lactates eg eae 
4 other hydroxy acids Tie een 9 
3 


Mtsots tos 
uo 


_ Salicylic acid derivatives vow eh 
Sugars & derivatives | 14 
Triphenylmethane compounds : 
“aye ompounds, including | 
| 


ph ee 
> Uiks CO 


a) oximes 8 
bv) others 55 


: 
| 


TOCAlLS. cevcee 516 | 94 186 280 54 


1) Most compounds exhibiting a piezoelectric effect apparently 
contain readily deformable atomic structures: pyramids, tetrahedra, 
deformed octahedra or combinations thereof. Substances with rela- 
tively rigid atomic structures, such as plane triangles and linear 
chains, generally exhibit little or no piezoelectric activity. 

2) Substdnces exhibiting a piezoeffect are for the most part 
compounds with predominantly covalent bonds. 

3) In the case of isomorphic substitution, the piezoeffect as- 
sociated with the skeletal structure is retained, increasing or de- 
creasing depending on the properties of the substituent atom or ra- 
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Organic Compounds 


In analyzing the data of Table 2, one cannot but note that des- 
pite the wider range of potentially piezoactive compounds tested, 
as compared with the list given by Mason-Holden®, in addition to 
amines and their derivatives, hydroxy and nitro compounds, our list 
contains a number of new types of organic substances which give a 

, high "yield" of piezoelectrics. 
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One might formulate the following "guiding principle" for seek- 
ing organic piezoelectrics: they should be searched for among bio- 
logically active substances, emphasizing purposeful selection of 
Substituents aimed, on the one hand, at labilizing their readily de- 
formable structures and, on the other hand, at controlling their 
physical properties to satisfy practical engineering requirements. 

I take this occasion to reiterate the view expressed at the Se- 
cond All-Union Conference on Piezoelectricity in 1955 regarding the 
importance of systematic research on synthesis of piezoelectric el- 
ectret-plastics of isotactic (stereographically regular) polymers 
with polar side chains. 

It may not be out of place here to compare the overall results 
of the search for new piezoelectrics at the TsNILP with the results 
of the Koptsik group” at Moscow State University, who investigated 
series of substances at random, i.e., without preselection. 


Table 3 
Comparison of the results of testing substances for piezoelec- 
tric activity at the TsNILP and Moscow State University 


[Total | Activity detected 
number oo oy 
Type compound itestedstreng th cr iP a 


A. Central S.-R. Lab. for Piezoelectrics Tests 


Inorganic and complex 


compounds ay on 24 i og S30. aH 
Or anig compounds anc luding 
efan ine Compounds 
(complex sip 94.2 48 ISti ogo | 34 
7 l () oa) 33 9459 ; 


Totals.cccoec bib 
B. Moscow State University Tests 


Inorganic, organic and 
complex compounds 
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The evident difference in the "yields" of piezoelectrics (53.5% 
as against 24.5%) may be taken as evidence of the worth of the gene- 
tic selection principle outlined above. 

I desire to express my Sincere gratitude to my colleagues A.S. 
Sonin, E.E.Tsepelevich-Volynets, A.A.Filimonov and L.V.Samsonova for 
active assistance in the work and discussion of results and L.Z.Ru- 
sakov and I.S.Zheludev for much valuable advice. 


TsNILP of the Committee on Radioelectronics 
under the Soviet of Ministers of the USSR 
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INFLUENCE OF DIFFERENT FACTORS ON THE CURIE TEMPERATURE OF FERROELECTRICS 
WITH THE PEROVSKITE STRUCTURE 
- Iu.N.Venevtsev, G.S.Zhdanov & S.P.Solov'ev 


Introduction 


The question of the Curie point T, in ferroelectric substances with the perov- 
skite structure has been repeatedly treated over the years by many investigators/U 

Despite the wealth of experimental data available on ferroelectrics with the 
perovskite structure, there is no unanimity of opinion among different authors!~7 
on the question of the Curie temperature. In fact, Shirane, Jona & Pepinskyl2 are 
of the opinion that the great scope of the experimental material has operated to 
complicate the situation. This is explained by the fact that even in the case of 
the most suitable subjects of investigation - solid solutions - various replace- 
ment cations differ as regards a number of their characteristics (polarizability, 
charges, radii, etc.) so that it is difficult to trace and identify the influence 
of these individual characteristics of the cations on Te: 

The conclusions arrived at in Refs.1-7 are for the most part based on the 
assumption that the "ferroactive'’ cations in the various ABO3 type ferroelectric 
and antiferroelectric substances under consideration are type B cations. Actually, 
however, the B cations are the ferroactive ones only in some substances, whereas 
in others the ferroelectricity must be attributed to the A cations.8,9,13 Hence, 
as we pointed out earlierl0, the results of Refs.1-7 are in need of re-examination 
and revision. 

The classification of ferro- and antiferroelectrics with the perovskite struc- 
ture according to the type of ferroactive cation (A or B) proposed by us8,9,13 
should facilitate discussion of the question of the Curie temperature. Such a re- 
-examination of the question is the purpose of the present paper. 


Re-examination of the Question 


Ferroelectrics with the perovskite structure are compounds in which the char- 
acter of the bonds is predominantly ionic.3,8,12,13 Hence, to start, we can at- 
tempt to interpret the experimental facts and, in particular, to explain why one 
compound has a higher Curie point than another on the basis solely of such ionic 
characteristics as the polarizability (qa), the charges (e) and the ionic radii (R). 

In Table 1 we list a number of AB0O3 compounds with the perovskite structure 
which are now definitely known to possess ferroelectric or antiferroelectric pro- 
perties and give their Curie points. The compounds are grouped according to the 
type of ferroactive cation (A or B) and are arranged in order of decreasing values 
of the geometric factor t. : f 

We recall that under the ferroactive ion we understand the ion that has room 
in the unit cell of the cubic modification.8,10,13 Depending on which cations (A 
or B) have “room”, i.e., are loosely held, the unit cells of the compounds in ques- 
tion undergo various characteristic distortions (tetragona!], monoclinic or rhombo- 
hedral) in different sequences with variation of temperature.13 From this it may 
be concluded that the polar rearrangements of the unit cells (including the trans- 
ition at the Curie point) of ferro-and antiferroelectric compounds are determined 
primarily by the energy state of the cations that have "room in the cell, i.e., 
by the energy state of the ferroactive cations.8,10 The coordination numbers of 
the cations (A and B) in the perovskite type lattice are different. Hence for 
this reason alone the energy states of the A and B cations can differ. This cir- 
cumstance must be borne in mind in attempting to explain the difference in Curie 
temperatures for two ferroelectrics with ferroactive cations of different types 


(A or B). 
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Table 1 
Ferroelectric and antiferroelectric compounds with the perovskite structure 
LLL 
Type of | Ferro— ss | an Goce 
se et, active ; ABO, u | are) . 
ei see sured cation | re : 
B BaTiO; ie tis | 3oS 
KNbO3 | 1,00 692 
Ferroclectric me: j ee. Lae 
; fl K Tat ‘a 1,00 13 
PbTiO; | 0,98 | 763 
er A mare rs if 
fnti ferro— PbHIOz | 6OF92- 7) 488 
electric PbZrOs ; 0,90 | 508 
“pees ) NaNbi | 0,86 | 633 
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Theoretical Evaluation of the Influence of Some 
Cation Parameters on the Curie Temperature 


According to Kitte1l4, the Curie temperature of a ferroelectric can be ap- 
proximately determined by evaluating the interaction energy of the dipoles with 
the internal field acting thereon. From our point of view such theoretical evalu- 
ation of the Curie point will be more effective if we consider the interaction 
energy not of all the dipoles but only of those connected with the ferroactive 
cation (A or B) at temperatures close to the Curie point. In other words, our 
problem can be reduced to analysis of how the products PaE, and PgEp depend on 
different factors (here Pa and Pp are on the electronic dipole moments associated 
with the A and B cations, respectively; E, and Ep, are the internal fields acting 
on these cations). Hence we can follow the variation of the Curie point of ferro- 
electrics with ferroactive type B cations by determining the variation of PpEp (or 
in the case of substances with ferroactive A ions, by determining the variation of 
PaE,)- An increase of the product would indicate an increase of the Curie tempera- 
ture and vice versa. 

In Ref.15 we investigated the character of the variation of the internal 
fields and electronic dipole moments as functions of the polarizabilities, charges 
and radii of the cations for the case of the tetragonal modification of the ferro- 
electrics under study. It is known, however, that in some ferroelectrics the phase 
appearing immediately below the Curie point is not the tetragonal modification but 
the rhombohedral, or in the case of antiferroelectrics the pseudomonoclinic (ortho- 
rhombic). ‘ 

Nevertheless, the results obtained in Ref.15 can also justifiably be used for 
investigating the variation of the products P,E, and P,Ep in cases when the pseudo- 
monoclinic or rhombohedral modification obtains below the Curie point. The fact 
is that calculations!§ of the fields in the pseudomonoclinic modification of BaTi03 
showed that in this modification, as in the tetragonal one, the strongest field 
acts on the titanium ion, the weakest on the barium ion; in other words, the quali- 
tative relationships between the fields acting on the A and B ions in different 
modifications of the same compound persist. In addition, in Ref.15 it was estab- 
lished that the character of these relationships remains the same for different 
ferroelectrics having the same modification. True, the ferroelectric and antifer- 
roelectric pseudomonoclinic modifications differ as regards their nature® ,9,13 
but in this case apparently, too, there is reason to assume that the qualitative 
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relationships between the fields acting on the A and B ions in the modifications 
are the same. 

Our analysis? of the products PaE, and PyEg showed the following. The Curie 
temperature of the compounds under study, both those with t > 1 and those with 
t < 1 must be the higher, the smaller the lattice period, the greater the polariza- 
tion and the higher the charge of the ferroactive cation. In addition, it was con- 
cluded that the Curie temperature of ferroelectrics with t > 1 and t <1 is weakly 
dependent on the polarizability of the nonferroactive cation. 

It must be emphasized that the above deductions regarding the character of 
the influence of different cation parameters on the Curie temperature are predi- 
cated on the assumption that the difference A between the size of the "void" (i.e., 
space in the unit cell) occupied by the ferroactive cation and the radius of this 
cation remains constant in all cases. Actually this is not always the fact. But 
there is reason to assume that variation in the geometric conditions for displace- 
ment of the ferroactive cations plays a secondary role in determining the Curie 
point in ferroelectrics for which t = 1.00+0.03. From the results obtained in Ref. 
15 it may be inferred that in compounds with t = 1.00+0.03 the internal fields 
change less with variation (within reasonable limits) of the magnitudes of the dis- 
placements of the A or B cation than with variation (within equal ranges) of the 
charges and polarizabilities of the cations and of the lattice period. In connec- 
tion with the fact that, as has been shown above, the Curie point depends substan- 
tially on the internal fields, it is natural to attribute only a secondary role to 
the variation of A in explaining the difference in Curie points of ferroelectrics 
with t = 1.00+0.03. It must be emphasized, however, that this inference is valid 
only when other factors, in addition to A, change significantly. This deduction 
will apparently not be valid when t closely approaches unity. In this case, obvi- 
ously, small changes in A may be significant. It may therefore be assumed that one 
of the necessary conditions for spontaneous displacement of the ferroactive cations 
at the Curie point is the requirement that A must exceed a certain critical value 
Bor for the given compound and the given conditions. Hence if under certain con- 
ditions A for a given ferroelectric beomces smaller than A,y, ferroelectricity 
should not be evinced. 

- In view of what has been said above one can understand the behavior of the 
Curie point in barium titanate under hydrostatic pressure. According to Merzl7, 
Tc of this compound decreases (to a certain value) with increasing pressure. Un- 
der hydrostatic pressure the lattice period and A in the cubic modification of 
BaTi03 decrease. Theoretically the first factor acts to increase the Curie tempera- 
ture. The second factor has the opposite effect; whereas in the absence of pressure 
at 120° A is greater than A,;, under pressure this situation will obtain only at low- 
er temperatures. In view of the fact that the Curie temperature of BaTi03 is re- 
duced under pressure, it may be inferred that the influence of the second factor 
(A) on the Curie point is stronger than that of the first factor (the lattice con- 
stant a). 

In the specific case of BaTi03, decrease of the lattice period under pressure 
was accompanied by decrease in the size of the "void" occupied by the ferroactive 
cations and, consequently, by decrease of A. Examination of the data for other 
compounds shows that this is not always the case. In the case of PbTi03-SrTi03 solid 
solutions (the values of t for PbTi03 and SrTiO, are 0.98 and 0.96, respectively), 
with replacement of the lead by strontium the lattice period is also reduced, but 
the relative size of the "voids" occupied by the type A (Pb and Sr) cations increas- 
es, i.e., the mean value of A increases. 

In cases when t differs from unity by more than 0.03, the influence of A on the 
Curie temperature must be taken into account together with the effect of polariza- 


tion, the charges and the lattice constant. In this connection, the results obtain- 
’ ed in Ref.15 indicate that increase of A should raise the Curie temperature. 
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Analysis of Experimental Data 


A. Influence of polarizability of A type cations on T, Of compounds with t< 1 


To evaluate the influence of polarizability of A type cations on the Curie 
point in compounds with t < 1 we can refer to the data on lead and strontium titan- ; 
ates. The values of t, the lattice constant o in the cubic modification, the Curie | 
point T, and the polarizabilities @ and radii R of the A and B cations for these 
two titanates as well as for PbTi03, which we shall discuss later, are listed in 
Table 2. 


Table 2 
Factors influencing the Curie temperature of titanates 
| | 
ABO, Pasa a Paes o Ky: ‘A Ry A a, 4 t j To *K 
Ls 2oe= > 4 ia 4 iJ je nis ! 
sr Tid, 1.4? 0.19 1,20 0,64! 3,90y.°¢ 0,96 | 
Ph Tis 4,34 O19 1 26 0,64 3, 965 0°C 4,98 765 
Pb ZrO. hy o4 0,80 1,26 0,82 4,153 ,°C 1 0.90. OS 


Notes: The electronic polarizabilitics fer Ti4+ and O© are taken from 
Ref.18, the polarizability values for FPb<* and Sr&+ are taken from Ref. 
io wie wonmse radii are taken from Ref. 20: the lattice constants at the 
indicated temperatures are taken from Refs.7 & 21-24. 


We have included SrTi03 in this table together with the ferroelectric PbTi03 
and the antiferroelectric PbZr03 despite the fact that SrTi03 may be only an in- 
duced ferroelectric under certain conditions.25 We grouped it with the other ti- 
tanates because like them it has a high dielectric constant. According to Linz26 
the dielectric constant of SrTi03 at 113°K is 815. 

Let us first consider PbTi03 and SrTi0,. The Curie temperature of PbTi03 is 
763°K. Ferroelectricity in SrTi03 can be induced only below 90°K. Thus insofar 
as it is meaningful to speak of the ferroelectric properties of SrTi03, it must 
be noted that they are evinced at a much lower temperature than in PbTi03. What 
can we deduce from this experimental fact? PbTi03 and SrTi03 have identical B type 
ions (Ti) and different A type ions (Pb and Sr), having different radii, different 
polarizabilities and different electronic structures. However, the difference in 
structure amounts essentially to a difference of ionic characteristics, the influ- 
ence of which on the ferroelectric attributes is undoubtedly secondary; hence we 
will disregard this factor. Thus we assume that the difference between the Curie 
temperatures of PbTi03 and SrTiO, is connected primarily with the difference in 
radii and polarizabilities of the Pb and Sr ions. According to the data of Table 
3, the polarizability of the Pb ion is 3 times greater than that of the Sr ion. 

The radius of the Sr ion is slightly smaller than the radius of Pb. However, in- 
stead of comparing the ionic radii directly it is more expedient to compare the 
lattice periods () of PbTiO, and SrTi0z in the cubic modifications, for precisely 
these periods, rather than the radii of the individual ions, serve as a measure of 
the interatomic distances which, according to our argument, together with the charge; 
and polarizabilities, determine the interionic interaction in the respective lat- 
tices. Why then does spontaneous polarization appear in PbTi0g at 763K, while in 
SrTi03 it can be induced only below 90°K? Let us compare the lattices of both com- 
pounds at, say, 773°K, i.e., at a temperature slightly above the Curie point of 
PbTi03. At this temperature the period of the PbTi03 lattice a= 3.96 A.22,23 The 
period of the SrTi03 lattice at room temperature2l is 3.90 A, while at 773° it in- 
creases to 3.92 A, inasmuch as according to our measurements the linear expansion 


coefficient of SrTi03 is 1-10~° degree7!. 
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Thus at 773°K PbTi03 and SrTi03 differ in that the lattice period of PbTi03 
is 0.04 A greater than the period of SrTi03 and,in addition,in that the polariza- 
bility of the respective type A ions (Pb and Sr) differ byea- Tactorror 3: i 

The difference between the lattice periods of PbTi03 and SrTiO03z is not large, 
not only compared with the interatomic distances in these compounds (~2 A) but also i 
compared with the differences between lattice periods that can obtain in compounds \ 
of this class. For example, the difference between the lattice periods of PbTi03 
and PbZr03 (see Table 2) at 773°K is 0.20 A (the linear expansion coefficient of 
the PbZr03 lattice in the cubic modification is ~1-10-5 degree7l). Hence it is 
doubtful that the difference between the lattice periods of PbTi03 and SrTiO alone 
can explain the great difference between the Curie points of these compounds. It 
must be concluded, therefore, that the great difference between the Curie points 
is due primarily to the three-fold difference between the polarizabilities of the 
Pb and Sr ions. 

Thus from the fact that the Curie temperature of PbTi03 is appreciably higher 
than that of SrTi03, we can conclude that in the case of compounds with t < 1 the 
Curie temperature is the higher, the higher the polarizability of the ferroactive 
type A cation. This deduction is consistent with the theoretical analysis given 
above and was formulated by us earlier8,9 as well as by Sawaguchi’, 


B. Influence of the lattice period and polarizability of the B type cations 
on Tc Of compounds with t < l 


Now let us turn to PbTi03 and PbZr03 (Table 2). The temperature of the titan- 
ate (763°K) is appreciably higher than the Curie temperature of the zirconate (508°K). 
In these two compounds the ferroactive type A ions are identical (Pb), while the 
type B ions differ as regards both their radii (0.64 and 0.82 A, respectively) and 
their polarizabilities (0.19-10-24 and 0.80-10-24C/cm%). Before attempting to evalu- 
ate the influence of the difference in polarizabilities of the B ions and of the 
lattice periods on the Curie temperatures of PbTi03 and PbZr03, we note that in this 
case, in addition to the indicated factors presumably influencing Tc, one must also 
take into account the difference as regards the possibilities for displacement of 
the ferroactive Pb cations in the cubic modifications of PbTi03 and PbZr03. The Pb 
‘ions are loosely held in both lattices, but in Pb-Zr03 the "voids" occupied by the 
Pb ions are appreciably greater than in PbZrO03, i.e., 4 for PbZrO, is larger than 
for PbTi03. 

: Thus, in the case of the two compounds in question there are appreciable dif- 
ference as regards A, -a and Op, hence the lower Curie point in PbZr03 as compared 
with PbTi03 may be explained by the depressing influence of either the larger lat- 
tice period or of the higher polarizability of the B type ion or again by the "Joint 
depressing" effect of both these factors. 

This deduction is not in conflict with the results of our theoretical evalua- 
‘tion according to which increase of the lattice period should reduce the Curie tem- 
satire, while the influence of the polarizability of the B cation should be rela- 
‘tively minor. In other words, our inference from the experimental data is not in 
conflict with the results of our theoretical analysis. 

| Let us now take up some other experimental factors and see which of them must 
be taken into account as influential in determining the Curie point. 


if 


C. Curie temperature of Ba(Ti,Zr)93 solid solutions 


There is experimental evidence that the Curie point of Ba(Ti,Zr)O3 solid solu- 
tions decreases with increasing BaZr03 content. In attempting to explain this fact 
must take into account not only the increase in the mean polarizability of the 
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B type cations and the growth of the lattice period with increasing BaZr03 concen- — 
tration, but also the fact that the Zr ions are "crowded", i.e., tightly held, in 
the lattice of these solid solutions (according to evaluations®,9,13,21 t+<1 for | 
BaZr03). In pure BaTi03 the Ti cations have "room" and hence are ferroactive. It _ 
follows that upon the introduction of zirconium to replace the titanium in the BaTiC 
the number of ferroactive type B cations decreases. Decrease in the number of ferrc 
active ions in the lattice must obviously hinder polar arrangement of the lattice. 
In other words, this 'squeezing'"' of the cations, resulting in reduction in the nun- 
ber of ferroactive ions, is an additional factor acting to depress the Curie tem- 
perature. The decrease in Curie temperature observed in this case indicates that 
increase in the period of the lattice and increase in the number of nonferroactive 
cations together shift the Curie point to the side of lower temperatures more 
strongly than the increase in the mean polarizability of the B type ions displaces 
Tc to the side of higher temperatures. 


i 


D. (Ba,Pb)Ti03 and (Ba,Sr)Ti03 solid solutions 


In the case of (Ba,Pb)Ti03 solid solutions, their components, BaTi03 and 
PbTi03, have ferroactive cations of different types (B and A, respectively). If 
we reason on the basis of an averaged radius of the A cation (Ry = x*Ra; + (1 - 

- x)Ray ), we might conclude that at a certain proportion of the components (when 
t = 1), neither the B nor the A cations will have any room for displacement. Actu- 
ally, however, in view of the statistical distribution of the Ay and Ayy cations 
and owing to inhomogeneity of the atomic spacings in all solid solutions, the Ti 
cations in some cells and the Pb cations in others will still have the geometric 
possibility for displacement. Further, increase in the number of ferroactive Ti 
ions is accompanied by increase in the number of ferroactive Pb ions. As a result, 
ferroelectric properties are evinced in (Ba,Pb)Ti03 solid solutions in the full 
range of formation of such solutions, and in view of the fact that the Curie tem- 
perature of pure PbTi03 is higher than that of BaTi03, the Curie temperature of 
(Ba,Pb)Ti03 solid solutions increases with increasing PbTi03 content. 

The components of (Ba,Sr)Ti03 solid solutions, like BaTi03 and PbTi03 in the 
preceding case, have values of the factor t greater and smaller than unity, re- 
spectively. In contrast to PbTi03, however, the ferroelectric properties of SrTiO, 
as already noted, are evinced (if at all) only in the region of low temperatures. 
Hence the addition of SrTi03 to BaTi03 leads to reduction of the Curie temperature, 

The above analyses of the behavior of (Ba,Pb)Ti03 and (Ba,Sr)Ti0, solid solu- 
tions show that some properties of ferro- and antiferroelectric solid solutions 
cannot be understood if one operates only with statistically averaged quantities; 
one must take into account the inhomogeneities of atomic scale that actually exist 
in solid solutions.& 


Conclusions 


In this report we have attempted to give a qualitative explanation of the 
difference between the Curie points of different ferroelectrics with the perov- 
skite structure, operating only with such ionic characteristics as the polariza- 
bility, charges and radii, and not taking into account the degree of covalence of 
the bonds in these compounds. We did this by approximate theoretical evaluation 
for which purpose we utilized earlier results15,16 of our investigations of the 
influence of different cation parameters on the internal fields in ferroelectric 
substances with the perovskite structure. The deductions arrived at through theo- 
retical analysis are not in conflict with the still scanty pertinent experimental 
data. It is hoped that as new data become available it will be possible to verify 
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the other results of our theoretical analysis. 
"L.Ia.Karpov' Physical-Chemical Institute : 
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CRYSTAL STRUCTURE OF THE BaTi03-LaAl03 SYSTEM 
- I.G. Ismailzade 


The structure of solid solutions of barium titanate with compounds of the 
ABO3 type wherein the A and B cations have the same valences as Ba and Ti, re- 
spectively, have been investigated by a number of authors.1-4 

The structure of solid solutions of BaTi03 with ABO3 type compounds in which 
the Ba & A and Ti & B ions have different valences is also of interest. Such solid 
solutions are formed, for example, in the barium titanate-lanthanum aluminate sys- 
tem, which was the subject of the present investigation. The specimens were syn- 
thesized and their electric properties measured by Smolenskii, Agranovskaia & Sho- 
lokhova. They found that the solid solutions of this system containing less than’ 
16 mole percent LaAlO3 have ferroelectric properties. The addition of lanthanum 


aluminate to barium titanate sharply reduces the Curie point and the value of the 


peak dielectric constant. 

We investigated the structures of all the BaTi03-LaAl03 specimens both by the 
conventional photographic procedure of recording the diffraction maxima and by the 
ionization procedure on an URS-50-I x-ray diffractometer. The patterns were re- 
corded using filtered copper radiation (\ = 1.5418 A). The parameters of the unit 
cells were determined with reference to the 233 and 332 diffraction maxima. 

In all we studied 11 specimens ranging from pure BaTiO, to pure LaAl03; in 
addition to those listed in the table we investigated a specimen containing 50 mole 
percent of each component. We found that in the rage of LaAl03 concentrations from 
0 to 25 mole percent there form solid solutions crystallizing with the perovskite 
structure. At 50 mole percent LaAl03 a heterogeneous mixture is formed. 

The lattice constants are listed in the accompanying table. 


Content, mole % ; 
Sample | ~ : ian Ry. | a a4 ieee | ae 
No, | BaTiO, | J.aAlo, . hee point, ~C 
| 
iican ar ST ney ‘ns ae 
1 100,0 | = | 350956 a 420352 94.0100 64,42 + 120 
2 99.0 | 1,0 3, 9951 4, 0345 1,0098 | 64,39 +87 
at AYE, 2 ee OO949 a) e293 1, 0086 64,30 + 46 
4 95.0) | 5yat) 4,0050 | : 1, 0000 4,24 --14 
2 eee ie) 4,0011 1,0000 | 64,05 —85 
(5 ad. 0 |. 10,0 $,9984 | - | 4,0000 | 63,92 + ASS 
7 87,5 i 6%) S050 4 ; 1,0000 | 63,76 oe 
Nene ss 01... 45.0. xf, 93,9908. 4 - | 41,0000 63,55 es 
) 75,0 25.0 | 3,9800 | 1,0000 | 63,04 
10 = 100 09 13,7950 24 1,000 | 54,65 


The lattice constants a and c decrease with increasing LaAl03 content. At 95% 
BaTi03 + 5% LaAl03 the two constants become equal, i.e., the lattice transforms 
from tetragonal to cubic symmetry. 

This inference is consistent with the results of electric measurements for 
all the investigated specimens. The Curie points of the 99% BaTi03 + 1% LaAl03 
and 97.5% BaTi03 + 2.5% LaAl03 solid solutions are 87° and 46°C, respectively; 
hence at room temperature they are in the ferroelectric phase and have the tetra- 
gonal perovskite type structure. For the 95% BaTi03 + 5% LaAl03 solid solution 
Tc = -14°C; consequently, at room temperature it is paraelectric and must have a 
cubic lattice. The decrease of the cell parameters is due to the fact that the 
ionic radii of La3t+ (1.04 A) and Al3t (0.57 A) are small compared with those of 
Ba2t (1.38 A) and Ti4+ (0.64 A). Earlier investigators®,7 attributed a cubic per- 
ovskite type structure to lanthanum aluminate with eS FSNA; However, as Geller 
& Bala» point out, optical and careful x-ray diffraction studies indicate that ike 
structure consists of rhombohedral cells: a= 5.357 A, A= 60° 6', V = 108.90 A 
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and N= 2. The structure of LaAl03 has been described as pseudocubic with a= 


= 3.790 A and a = 90° 5', i.e., there obtains minor distortion of the cubic lat- 
tice. We obtained a value of o = 3.795 + 0.001 A. 

Is the LaAl03 lattice favorable for the occurrence of ferroelectricity? Tak- 
ing the ionic radii to be La3t+ = 1.04 A, Al3+ = 0.57 A and 02- = 1.36 A, we find 
that the tolerance factor t = 0.87, i.e., that the geometric conditions allow 
LaAl03 to crystallize in the perovskite structure. However, in this case the con- 
ditions necessary for the rise of spontaneous polarization are not fulfilled. For 
the occurrence of ferroelectricity in the crystal, in addition to the necessary 
geometric conditions (R~/Ro * 1.0; and t ~ 1.05) an important consideration is the 
character of the chemical bonds between the central B ions and the oxygens. G.A. 
Smolenskii is of the opinion that the bonds between the B and O ions are not purely 
ionic; actually some of the s and d electrons are shared.8 Assuming with Megaw9 
that the d electrons play a substantial role in the formation of homopolar bonds, 
we conclude that owing to the fact that there are no d electrons in the electron 
cloud of the Al atom and in view of the smallness of the tolerance factor t of 
LaAl103, this compound should not be ferroelectric. Actually, so far as we know, 


_ferroelectricity has not been observed in LaAl0o.. 


I desire to express my deep gratitude to G.A.Smolenskii for supplying the 
specimens and for valuable advice. 


Petroleum Institute, 


Azerbaidzhan SSR Academy of Sciences 
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CRYSTAL STRUCTURE OF THE NIOBATES AND THE TANTALATES 
OF BIVALENT METALS AND THEIR SOLID SOLUTIONS 


- 1.G.Ismailzade 


The discovery in 1952-3 of ferroelectricity in cadmium pyronio- 
bate, CdoNbo907, stimulated structural investigations of a number of 
compounds of the AjB907 type. It was establishedl-2 that CdgNb907 
is a new type of ferroelectric crystallizing in a cubic lattice of 
the pyrochlore type. 

In addition to pyroniobates, AgNb907, and pyrotantalates, 
A2Ta207, metaniobates, ANb20g, and metatantalates, ATa206, are 
also of considerable interest; among the latter PbNb90g and 
PbTa20g6 are ferroelectric.°6 Until now, however, the electric 
and structural properties of these interesting compounds have not 
been adequately studied. Only in_the recently published work of 
Smolenskii, Isupov & Agranovskaia‘’ do we have the first result of 
electric measurements on the pyro- and metaniobates and tantalates 
of some bivalent metals. In particular, Smolenskii et al estab- 
lished that strontium pyrotantalate, Sr 2Ta207, is a new ferroelec- 
tric with a transition temperature of about 80°C. 

Below we give the preliminary results of a structural investi- 
gation of this extensive series of compounds and some of their so- 
lid solutions. All the samples were synthesized in the laboratory 
of G.A.Smolenskii. The preparation procedure is described in Ref .?7. 

The x-ray diffraction studies were carried out on polycrystal- 
line specimens at room temperature (20-309) using either the conven- 
tional powder procedure or ionization detection by means of an URS- 
S0-I x-ray diffractometer. As a rule the lattice periods were de- 
termined from the diffractometer data. 

The results for AB20g type compounds together with the data 
from the literature on some of them are listed in Table 1. We note 
the great similarity in patterns for orthorhombic PbNb90¢6, on the 
One hand, and PbTa90g, SrTa206 and BaTa20g, on the other hand. Ap- 
parently, these compounds are isostructural. 

The results of structural investigation of compounds of the 
A2B207 type are listed in Table 2. The diffraction lines of ferro- 
electric Sr2Ta207 are consistent with the tetragonal system: «a= 
= 10.628 A and c = 10.908 A. Comparison of the unit cells of 
Cd9Ta207 and Sr2Ta207 suggests that the lattice of the latter is 
a tetragonally distorted pyrochlore lattice. 

The studies -of Jona, Shirane & Pepinsky4 showed that replace- 
ment of Cd and Nb atoms in cadmium pyroniobate by other atoms (Ca2+ 
by Pb2+ and Ca2+; Nb°+ by TaS+) leads to depression of the Curie 
point. In order to study the influence of ionic replacement in 
strontium pyrotantalate, Smolenskii & Isupov investigated the elec- 
tric properties of the eee g07 Pe aNpZu Sr2Ta207—BagTa207 and 
Sr 2Ta207—Ca2Ta207 systems.1l »1l1 We carried out a structtral in- 
vestigation of these systems. (All percentages below are molar.) 

1. SrgTag07—Sr2gNb207 (5, 10 and 20% Sr2Nb207). Solid solu- 
tions with the structure of Sr2Ta207 are formed in the investiga- 
ted range of concentrations. 

2. SrgTa9g07—CaoTaQ07 (20, 40, 60 & 80% CaogTa907). A continu- 
ous series of solid solutions with the structure of Sr2Ta207 is 
formed in the investigated range. 
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3 Table 1 
sults of structural investigations of compounds of the AB20g type 


Bere! occu arate 


Compound Structure | compouna Structure 
BeNb.0. | Not found BeTa,0 
Manos COLD HEPA S:Bbe A (ner.a), | Fotrapoegt 470,45 
ZnNb20¢ Columbites=5.058 As Ta) '|  ZnTagO¢ Columbite nerds Azb 
° C=—Ve / i e 
CdNb20. Columb ite «~ 5.85 A; - || CaTar0g Soiumbite 4 Asc" 8-688 A 
CaNb.0¢ Come Ay po= 5.16 A (4,8) | CaTa,0. | Comp oT 82 Ayc=6.12 A 
meg Complex | SrTaO. |Complex (orthorhombic 
aNb205¢ Complex BaTa.0s | Complex (orthorhomb 
e? aan BBo8T (here 3) A || PbTa20g Compiex orthorhomb ° 
PbNb.0¢ 4| 2, Orthorhombic «— 1 251 A; | 
‘ ihe 3 ri tily § 738 A 


al bg (Refs) / 


Table 2 
lesults of structural investigations of compounds of the A»jBo07 type 


Compound | Structure Compound | Structure 


BeNb:0; |Not found Be.Ta.07 | Not found 

Mg2Nb:07 | Complex Mg2Ta,07 | Complex 

Zn2Nb.07 | Comple Zn2Ta2x07 | Comple 

Cd2Nb:0, | Cubic pyrochtore) Cd2Ta207 Cubic ¢ ochlore) 

ue a=10.372 A (Ref.4) a=10 By6 A (et ) 

aa) 207 Complex CazTa207 |Cubic och meat istorted) 

SrzNb207 | Complex : 2100420 A 

Ba:Nb.07 etre onal j= 20-928 A; Sr2Ta2,07 Tetra ona g= 10.628 A; 
t= c= e 

Pb2Nb207 Eynte (pyrochlore), Rhombohe-|| BazTa20. reece onal c=10.940 A; 
ra stortion c= 
a= 10,675 A; Pb2Ta207 |Cubic ochlore) Rhombo- 
a= 88051! he poi {pyroshiore) 


a= 10.700 A;a=88°25' (Ref.4) 


3. SrogTag07—Ba2Ta207 (6, 9, 12, 20, 40, 60 & 80% Ba2Ta207) . 
Solid solutions with the structure of SrgTa207 are formed at 
3a9Ta207 concentrations of 6, 9 and 20%. At 40% BagTa207, there 
ippears a new phase, the structure of which has not yet been es- 
rablished. At 60 and 80% of Ba2Ta207, there are formed solid solu- 
tions with the structure of Ba2Ta207. 

4. CdgNb907—CdgTi20g. In the interval of CdgTi20g concentra- 
rions from 5 to 20% there are formed substitutional solid solutions 
(with deficiencies) with the structure of CdQNb207. The lattice 
yarameters decrease with increasing Cd2Ti206 CORMenE 4 this is pre- 
sumably due not only to the smaller radius of the Ti + ion as com- 
sared with the Nb°+ ion (the difference is small and amounts only 
to ~0.02 A) but also to the formation of vacancies in the oxygen 
ion sublattice. 

We also investigated the structures of the Cd9gNb207—NagQNnb20¢ 
(5, 10, 20, 30, 40 & 50% NagNb206) and CdgNb207 —Mg 2aNb207 (5, 10 & 
15% MgogNb907) systems. In the former system the solubility of the 
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second component is of the order of 15-20%. In the latter system 
the solubility of Mgo9Nb907 does not exceed 2-3%. 

Before concluding I would like to say a few words regarding 
the nature of ferroelectricity in strontium pyrotantalate. In the 
case of Cd2Nb207 partial replacement of the Cd“t by larger ions 
(Ca2+ or Pb2+) results in a reduction of the Curig temperstura 
The same thing occurs when Nb is replaced by TaY’*. In SrgTa207 
replacement of the Sr2+ ions by larger radius ions (Ba2+) leads to 
depression of the Curie point, while replacement of Ta°t by Nb 
ions greatly raises the Curie point. Consequently, in both ferro- 
electrics similar ionic replacements give rise to changes in the 
Curie point in the same direction; hence it may be inferred that 
the nature of ferroelectricity in Sr2gTa207 and Cd2Nb207 is the 
same. 

CdoTa907 is also of interest. Despite the fact that it is iso- 
structural with Cd9Nb907, ferroelectricity in it has not been de- 
tected. This may presumably be explained by its having a very low 
Curie point due to the presence of the Ta°t ion in the pyrochlore 
structure. 

I desire to express my gratitude to G.A.Smolenskii and V.A.Isu- 
pov for helpful discussions. 


Petroleum Institute of the 
Academy of the Azerbaydzhan SSR 
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PROPERTIES OF SOLID SOLUTIONS OF BARIUM AND LEAD TITANATES AND FERRATES > 
- 0.1I.Prokopalo & E.G, Fesenko 


The ferroelectric properties of BaTi03 and PbTi03 can be modified significant- 
ly by isomorphic replacement of the Ti or metal (Ba or Pb) ions by other ions of 
approximately the same radius and forming similar chemical bonds. In all the hither- 
to investigated cases, however, replacement of ions in BaTiO, did not result in al- 
teration of the perovskite structure characteristic of this substance. 

Successful synthesis of hexagonal and tetragonal barium ferratel, cubic stron- 
tium ferrate and barium ferrate? and tetragonal lead ferrate* made it feasible to 
prepare and investigate new solid solutions based on BaTi03 and PbTiO, in which 
part of the Ti ions are replaced by Fe ions. In the present report we give some 
of the results of our work with Ba(Ti,Fe)03 and Pb(Ti,Fe)03 solid solutions. We 
found that replacement of about 1.5% of the Ti ions with Fe in BaTi03 results in 
structural changes, whereas replacement of up to 60% of the Ti ions in PbTi03 with 
Fe leads only to changes in the lattice parameters. 


R Ba(Ti,Fe)03 Solid Solutions 


The barium ferrate was obtained by sintering a stoichiometric mixture of BaC03 
and Fe903 in an oxygen atmosphere. Tests showed that the modification evinced at 
room temperature is determined by the highest sintering temperature: at temperatures 
up to 900° there is obtained the cubic modification, at about 1100° the tetragonal 
and at temperatures above 1100° the hexagonal. 

The influence of sintering temperature on the structure of barium ferrate is 
Similar to that for barium titanate. Thus cubic BaTi03 obtained from Ba(0H)9°8H20 + 
+ Ti0s by roasting at temperatures up to 800° , 4 becomes tetragonal at room tempera- 
-ture, the degree of tetragonality rising with sintering temperature. The transition 
to the hexagonal modification occurs at about 1450°, but this modification is "fix- 
ed" only by quenching.° ; 

The availability of different modifications of BaFe03 and BaTi03 enabled us 
to use different pairs of initial components for preparing the solid solutions; 
specifically, we used cubic BaTi03 & cubic BaFe03, cubic BaTiO, & hexagonal BaFeO3 
and tetragonal BaTi03 & hexagonal BeFe03. 

The solid solution specimens were prepared by the procedure described earlier. § 
We note that in the case of the first two components, the formation of solid solu- 
tions is favored by the fine dispersion characteristic of the cubic modifications 
of BaTi03 and BaFe03. X-ray diffraction studies showed that in solid solutions pre- 
pared from the first pair of components the tetragonality decreases with increasing 
BaFe03 content up to 3%, at which point the structure becomes hexagonal. 

The temperature dependences of the dielectric constant obtained for these 
specimens are shown in Fig.l. The measurements were performed in a 100 v/cm field 
at a frequency of 5-10° cps. Similar results were obtained in measuring € at 50 cps, 
except that in this case higher values of € were obtained for the samples with 3 
and 5% BaFe0 3. The increased values are probably due to relaxation polarization. 

In the case of the second pair of components - cubic BaTiO, & hexagonal BaFe03 
- the hexagonal phase particles act as nuclei in the process of sintering. Transi- 
tion to the hexagonal modification occurs at a relatively low (0.5%) BaFe03 con- 
tent. The temperature dependences of € for a number of samples from this series 
are shown in Fig.2; the formation of the hexagonal phase is evinced in the tempera- 
ture behavior of the dielectric constant and its value at the Curie point. 

The above observations apply equally to the third pair of components - tetra- 
gonal BaTi03 & hexagonal BaFeO3 - with the difference, however, that whereas the 
dimensions of the individual crystals in cubic BaTi03 are of the order of fractions 
of a micron, in the tetragonal form they exceed 10 microns. 
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of cubic BaTi0s + hexagonal BaFeO3. 
Fig.1. Temperature dependence of the dielectric constant € of Ba(Ti,Fe) 04 solid 


solutions with different ferrate concentrations (indicated in percent at the 
curves). Specimens prepared of cubic BaTi03 + cubic BaFeO3. 
FaTiOg 
FaTiO- e Natt 
a1 gl tetrag. ) (h xag. } PaTi0g 
PaTiOg (tetrag.) (hexag. ) 
15 


005 10 Was 45 65 “85 
*T™wo-phase re gion ne <a 
Fig.3 Fig.4 


Fig.3. Variation of the lattice parameters of Ba(Ti,Fe)03 solid solutions with the 
BaFeO3 content with sintering at 1380°. 
Fig.4. Same as Fig.3 but for a sintering temperature of 15009. 


The specimens prepared of the third pair of components were roasted at 1380°, 
The results of x-ray studies (sensitivity 5%) are shown in Fig.3. It will be 
evident that at this sintering temperature no solid solutions in the range of 
BaFeO, contents up to 10% are formed. At higher concentrations of BaFeOg there 
form solid solutions with hexagonal structure. 

Roasting of the same samples at 1500° results in broadening of the region of 
existence of the hexagonal modification down to a BaFeO3 content of 1.5% (Fig.4). 
The dielectric data for this series of specimens are shown in Fig.5. It is note- 
worthy that the hexagonal modification is obtained without quenching, i.e., like 
the perovskite modification, exists at room temperatures. 

Thus our experiments showed that barium titanate and barium ferrate form sol- 
id solutions which differ from those known hitherto in that with increase in the 
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Fig.5 Fig.6 


Fig.5. Same as Fig.1 but for specimens prepared from tetragonal BaTi03 + hexagonal 
BaFeO3. 
Fig.6. Variation of the lattice parameters of Pb(Ti,Fe)0, solid solutions 
with the PbFe03 content. 


barium ferrate content above a certain relatively low value the monotonic varia- 
tion in tetragonality and shift of the Curie point usually observed for such solid 
solutions is replaced by a sudden transition to the hexagonal modification. The 
barium ferrate content at which this abrupt transition to the hexagonal phase oc- 
curs depends greatly on the preparation procedure. 


Pb(Ti,Fe)03 solid solutions 


The initial components in preparing the Pb(Ti,Fe)03 solid solutions were lead 
ferrate, prepared by the procedure described in Ref.3, and lead titanate. The 
solid solutions were synthesized by heating at about 1000° in air. 

_ X-ray diffraction studies showed (Fig.6) that PbTi03 and PbFe03 form a series 
of solid solutions, the tetragonality of which decreases with increasing ferrate 
content. 

Electric measurements revealed that with increasing lead ferrate content both 
the dielectric constant and the loss tangent decrease, while the activation energy 
exhibits a tendency to saturation. This can be understood if we assume that the 
majority carriers in lead titanate are electrons and that the Fe ions in PbFe03 
can go over into the trivalent state, which is a stable one. Then increase in 
the number of iron ions, which are traps for the conduction electrons even at a 
relatively low iron content, results in decrease of the through current and leads 
to the observed effect. 


Scientific Research Physical-Mathematical Institute, 
Rostov-on-the-Don State University 
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ANTIFERROELECTRIC AND FERROELECTRIC PROPERTIES OF SOME SODIUM NIOBATE 
SOLID SOLUTIONS 
- N.N.Krainik 


From the standpoint of the theory of antiferroelectricity it is of evident 
interest to clarify the role of distortions of the crystal lattice due to discre- 
pancies between the actual size of the ions and the ideal size for the given lat- 
tice, to evaluate the influence of the nature of the chemical bonds between the 
ions and to determine what 
factors effect the relative 


. ay stability of the ferro- 
6 and antiferroelectric phases. 
8 ik Hence the practical and 
i Y theoretical importance of 
i \} 


investigating solid solu- 
tions based on antiferro- 
electric substances. [In 
view of this we undertook 
the synthesis and investi- 
gation of the following 
systems of solid solutions 
based on the antiferroelec- 
tric, sodium niobate: 
NaNb0O3 + LiNbO3, NaNbO3 + 
Ee + CaNbo0g and NaNbO3 + CaTi03. 
The specimens were pre- 
pared by the usual ceramic 
technique from previously 
synthesized components; 
NaNb0O3, LiNbO3, CaNb20¢g and 
CaTi03. The heating tempera- 
ture and holding times at 


2000 


1000 


"200-100 0 100200 500 400 1°C maximum temperature were: 
Fig.l. Temperature dependence of the dielectric con- NaNb03 - 1050° (3 hr), 
stant € of NaNb0O3-LiNbO3 solid solution specimens. LiNbO3 - 800° (1 hr), 
The figures at the curves indicate the LiNbO; con- CaNbg0g - 1280° (2 hr), 
tent in mole percent. CaTi03 - 1360° (2 hr); 


(100 -n) NaNbO3 + nLiNb0O3 

(m = 0.5-15%) - 1370-1250° (1 hr); (100 - n)NaNbO3 + nCag 5Nb03 (n = 2.5-30%) - 
- 1370-1350° (1 hr) and (100 - n)NaNbO3 + nCaTi03 (nm = 2.5-20%) - 1370-1350° (1 hr). 

The temperature dependences of € for a number of specimens in the NaNb03- 
-LiNbO3 system as determined at a frequency of 500 kc, are shown in Fig.l. Two 
phase transitions occur in this system; the temperatures of both decrease with in- 
creasing LiNbO3 content up to 2 mole percent. At an LiNbO3 content of 10 and 15 
mole percent there is observed an additional maximum of the dielectric constant. 
An additional € maximum was also observed for some not fully sintered specimens 
with 6 and 8% LiNbO3, but this disappeared after heating of the specimens above 
450°, whereas in the case of the 10 and 15% LiNbO3 specimens this € maximum per- 
sists after heating. We did not specifically investigate the causes of this ad- 
ditional maximum. . 

The tentative phase transition diagram for the system is shown in Fig.2,a. 
Apparently solid solutions are formed up to an LiNbO3 content of 2 mole percent, 
i.e., the region IV in the diagram is the region of heterogeneous mixtures. 
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perature curves at 
temperatures somewhat 
below those of the 
phase transitions; 
the tan 8 curves ex- 
hibit a minima at the 
8 ROSY oe RAS” Beak oe! eens meee * re ee 
ZiNb0,,molc % Ca,,NbU,mole % Cati0;,mole % Investigation of 
the field dependence 
Fig.2. Approximate phase transition diagrams for the sys- of the dielectric po- 
tems: a) NaNb0,-LiNbO3, b) NaNbO3-Cag_ 5Nb03, c) NaNb03- larization of the 
-~CaTi03. NaNb03-LiNbO3 solid 
solutions carried out in the range 
from -196 to +200°C showed that phase 
II (Fig.2,a) is ferroelectric. The 
coercive force increases rapidly with 
decreasing temperature. Hence the 
spontaneous polarization could be 
evaluated only approximately: at +180° 
the spontaneous polarization was not 
less than 14°107© coulomb/cm? in 
samples with 0.5% LiNb03, 11-1076 
coulomb/cm2 in samples with 2% and . 
9-10-68 coulomb/cm2 in samples with 4%. 
In the temperature interval cor- 
responding to phase I (Fig.2,a) no 
hysteresis loop was observed for the 
samples with 0.5% LiNb03 (E = 31 kv/cm?). 


“200-100 0 100 200 300 4007,°° In the case of the sample with 1% 
Fig.3. Temperature dependence of the di- LiNb0O3, however, hysteresis loops 
electric constant € of NaNb03-Cay_ 5Nb03 with a large coercive force were ob- 
solid solution specimens. The figures at served in the region of phase I close 
the curves indicate the Cag,5Nb03 content to the transition to phase II. The 
in mole percent. spontaneous polarization was not less 


than 6°107© coulomb/cm*. 

The temperature dependences of € for a number of specimens of the NaNb03- 
-CaNb20g and NaNbO,-CaTi0, systems, measured at a frequency of 500 kc, are shown 
in Figs.3 & 4. In the range of low concentrations of the second component there 
is observed a phase transition, the temperature of which shifts to the side of 
lower temperatures with increased concentration of the second component. At 
Cag, 5Nb03 and CaTi0, concentrations above 20 mole percent and 10 mole percent, 
respectively, there apparently appears a new (second) phase transition, the tem- 
perature of which also goes down with increasing concentration of the second com- 
ponent. In addition, in specimens containing less than 20 and 10% Cag,5Nb03 and 
CaTi03, respectively, small humps appear in the € vs T curves; possibly these 
humps are associated with phase transitions. 

The approximate phase transition diagrams for these systems are shown in Figs. 
2,b and c. The temperatures corresponding to the humps in the € curves are indi- 
cated by dots in the phase diagrams. No hysteresis loops in a field of 36 kv/cm 
were observed in the temperature range corresponding to phase II (Fig.2,b & c). 
Distinct hysteresis loops were observed, however, in the temperature interval cor- 
responding to phase I. The magnitude of the spontaneous polarization in the given 
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Fig.4. Temperature dependence of the di- 
electric constant € of NaNb0O3-CaTi03 solid 
solution specimens. The figures at the 
curves indicate the CaTi03 content in mole 
percent. 
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phase is appreciably lower Pi, —o 
the ferroelectric phases I and bY ie 
(Fig.2,a) in the NaNb03-LiNbO3 sys- 
tem; for example, spontaneous polar- 
ization in the sample with 12.5% 
CaTi03 at -170° was 2.3-107© coulomb/ 
/om2; the coercive force was 3.4 kv/cm. 
On the basis of the dielectric 
data obtained for the NaNb03-LiNbO 
solid solution it may be hypothesized 
that these solid solutions are simi- 
lar to solid solutions of NaNb0O3 with 
KNb03, PbNb90g and CdNbo0g.1>2 If 
this is the case, it follows from the 
phase diagram (Fig.2,a) that phase 
I is orthorhombic. Phase II is ap- 
parently pseudotetragonal. At LiNb03 
concentrations appreciably exceeding 
0.5% dielectric hysteresis loops ap- 
pear in phase I; however, no anomalies 
corresponding to a transition to the 
ferroelectric phase are observed in 
the € = f(T) curves for samples repre- _ 
sentative of the orthorhombic phase. alt 
It follows from the phase dia- 
grams for the NaNb03-CaNbo90¢ and 
NaNb03-CaTi03 systems (Fig.2,b & c) 
that phase II is characterized by 
orthorhombic symmetry (like pure ¢ 


%5 


a 
rat 


NaNb0O3) and apparently is antiferro- 
electric. Phase I has ferroelectric properties. Possibly this phase is ferri- 
electric, i.e., in addition to antiparallel displacements of the Nb ions? and ap- 
parently the 0 ions, there also occur parallel displacements. Properties of these 
solid solutions are similar to those of NaNbO3-NaTa03 solid solutions. 4,9 a 


In the investigated sodium niobate solid solutions there should also occur!,6,7 ee 
high temperature phase transitions caused by ' ‘crumpling” of the crystal structure 
owing to the small diameter of the corner ions*; we were not, however, able to ex- ae 
tend the study of the dielectric properties of our specimens into the range of # 
high temperatures owing to the great increase in their conductivity. The struc- / 
ture of NaNbO3 and its solid solutions below the Curie temperature is distorted 
owing both to the appearance of ferro- and antiferroelectricity and the contrac- 
tion or 'crumpling"” of the crystal structure. 

With increase in the size of the corner ion, the "crumpling” decreases (solid A 
solutions of NaNb03 with KNbO3 and PbNb90,g) and the superstructure lines associated 
with this "crumpling" of the crystal structure gradually disappear.! It must be 
noted however that the rise of ferroelectricity does not lead: to liquidation of 
superstructure and, vice versa, disappearance of superstructure does not have an 
appreciably effect on ferroelectric properties. The character of the deformation 
connected with small size of the corner ion, in general, differs from the charac- 
ter of deformation due to appearance of ferro- and antiferroelectricity and in 
some cases one can distinguish between these deformations. This does not neces- 

*Here and below by the “corner” ion in the lattice of ABO3 type compounds we 
understand the A ion; the “central” ion is the B ion. 
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sarily mean, howéver, that the 'crumpling'' deformation has no effect on the de- 
formation associated with the rise of ferro- or antiferroelectricity. 

In the light of the experimental data on the NaNbO3 base solid solutions, it 
would appear that one can divide these solid solutions into two groups according 
to their dielectric properties. The first group comprises solid solutions of 
NaNbO3 with KNbO3, PbNb20g¢, CdNb,0g and LiNbO3 in which ferroelectric pseudotetra- 
gonal and orthorhombic phases appear as the content of the second component is in- 
creased. The second group consists of solutions of NaNb03 with NaTa03, CaNbo90g 
and CaTi0y3 in which a new, apparently, ferrielectric phase develops at a certain 
concentration of the second component. 

It must be emphasized that the solid solutions cannot be assigned to one group 
or the other solely on the basis of geometric factors. Thus in solid solutions of 
NaNbO3 with KNbO3 and PbNbo0, the dimensions of the unit cell increase with in- 
creasing concentration of the second component, while in solid solutions with 
CdNb90, and, apparently, LiNbOg, the dimensions decrease; nevertheless, these solid 
solutions belong in the same group. 

According to preliminary x-ray diffraction data, the dimensions of the unit 
cell in NaNbO3-CaTi03 solid solutions decrease slightly with increasing CaTi0g 
content. 

In solid solutions of NaNbO3 with PbNb20g, CdNbo90g and KNbOxg the electronic 
polarizability of the corner ions increases with increase of the second component. 
If we assume that increase in the degree of covalence of the cation-anion bonds 
can increase the dipole moment, in the case of solid solutions of NaNbO3 with 
PbNb20g¢, CdNbo90g and LiNbO3 one can expect to observe an increase of the dipole 
moment owing to increase of the dipole moments of the corner ions and the oxygen 
ions as compared with the central dipole moment and also due to increase in the 
degree of covalence of the bonds between the corner ions and the oxygens. This, 
apparently, makes the ferroelectric arrangement of ionic displacements more ad- 
vantageous from the standpoint of the electrostatic energy of the crystal lat- 
tice.8-9 at present the appearance of a ferroelectric component in the ionic dis- 
placements in the low temperature phase of solid solutions of NaNbO3 with NaTa0g, 
CaNbo0g and CaTi03 remains unexplained. 

I desire to express my deep gratitude to G.A.Smolenskii for his constant in- 
terest in the work and to A.I.Agranovskaia for assistance in preparing the specimens. 
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_ FERROELECTRIC CERAMICS WITH A HIGH CURIE TEMPERATURE 
- A.M.Cherepanov, S.V.Bogdanov & R.la.Razbash 


There are a number of reports!-7 in the literature concerning 
the BaTi03—PbTiO3 system; in most of these reports, however, there 
is little or no information on the preparation of the investigated 
specimens, or where such information is given, the described proce- 
dure differs substantially from that used by us. 

. Our experiments showed that in firing in an ordinary furnace at- 
‘mosphere one can only obtain solid solution specimens with a PbTi03 

content not exceeding 15 mole percent; speciments having this compo- 
sition can be obtained only if the initial batch is proportioned to 

contain at least 20 mole percent FbTi0O3. 

Our research problem was. to find a procedure for firing lead- 
-containing compositions that would minimize volatilization of the 
PbO. The developed procedure yields satisfactory results not only 
for the BaTi03—PbTiO3 system but also for all other lead-containing 
systems. 

Under our procedure for both the preliminary and final firings 
the samples are set in chamotte or suitable saggers on a layer of 
technical alumina (Al903) at least 5 mm thick (to prevent reaction 
of the samples with the sagger material) and then covered with more 
alumina so that there is a depth of 8-10 mm clay in the case of sam- 
ples having an area of up to 10 cm2. In the case of individual sam- 
ples having a larger area, the depth of covering should be somewhat 


greater. 
. The firing temperatures must be deter- 


mined experimentally for each given compo- 
sition; in general the optimum firing tem- 
perature depends on a number of factors: 
the proportion of initial components, 
their degree of purity, grain size, etc. 
The final firing temperatures determined 
for BaTi03—PbTi0O3 specimens made up of 
pure initial components ranged from 1350° 
for bbTiO3 and 1450° for BaTiO3. 


Fig.l. Arrangement for The proposed firing procedure for lead- 
preliminary (a) and fin- -containing ceramics is simple and makes 
al (>) firings 1) cham- it possible to obtain BaTi03—PbTi03 solid 
otte sagger, 2) alumina, solutions containing 50% or even more 

3) samples. PbTi03. It should be borne in mind, how- 


ever, that with a high PbTi03 content some of the lead compound is 
still volatilized; hence it should be introduced with some excess 
into the initial batch. The additional amount of lead compound ne- 
cessary depends on the firing conditions but in the case of. proper- 
ly controlled heating it does not exceed a few mole percent. 

_ The suggested arrangement for preliminary and final firings are 
_diagrammed in Fig.l. It was found on the basis of chemical analyses 
and temperature vs inductive capacitance measurements that the eva- 
poration of lead oxide in firing by the described procedure is rela- 
tively small. Water absorption of sintered specimens generally did 
not exceed 1%. The specific gravity of samples fired in the above 
manner varied from 6.03 for specimens having the composition 95% 
~BaTi03 + 5% PbTiO3 to 6.88 for 50% BaTiO03 + 50% PbTi03. 
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We have successfully used the described procedure during the 
past five years for preparing different lead-containing ceramics. 
Fig.2 shows the variation of the dielectric constant at room 
temperature with the PbTiO3 concentration of specimens prepared by ye 
the described procedure. The temperature dependence of €& for diffe- | 
rent solid solutions is shown in Fig.3. It is interesting to note 
that although the absolute value of € at the Curie point decreases me 
with increasing PbTiO3 content, the ratio of € at the Curie point to 
Emin at first increases and only begins to fall off above a certain 
PbTiO3 content. The variation of the Curie temperature of (Ba,Pb) 
Ti0O3 solid solutions as a function of the PbTiO3 content is shown in 
Fig.4. It will be seen that the variation is linear up to 50% 
PbTi03 (the highest PbTi03 content in the investigated specimens). 
Extrapolation of this curve to 100% PbTi03 gives a Curie temperature 
of ~490° for pure lead titanate; this is close to the value given in 
the literature for this compound. The values of the Curie-Weiss con- 
stant remain virtually constant wien increase of the PbTi0O3 concen- 
tration both below (C = 1.5-1.9-10%) and above the Curie point (C = 
= 10.5-16.5-104). It will be noted that below the Curie point C is 
appreciably smaller than above the Curie point. 


“ se Saaeme mole % 00.0 100200 «SOOT *e 
Fig.2. Variation of the dielectric con- Fig.5. Variation of the dielectric con- 
stant of BaTi0g—PbTi03 solid solutions stant with temperature for different 
at room temperature as a function of PoTi0g concentrations (indicated in 
the PbTi0z concentration. mole percent at the curves). 


All the solid solutions in the BaTi03--PbTi0O3 system have appro- 
ximately the same volume resistivity: ~1012 ohm-cm at room tempera- 
ture (20°) and ~108 ohm-cm at 200°. The volume resistivity at 20° 
appears to be virtually independent of the electric field strength 
(up to ~8 kv/cm). 

The piezoelectric properties of (Ba,Pb)Ti03 solid solutions are, 
naturally, of practical interest. The values of the piezoelectric 
coefficient of different solid solutions measured by the static me- 
thod at room temperature 5 days after polarization are listed in 
the accompanying table. It will be evident from the table that po- 
larization of these solid solutions at elevated temperatures tends 
to increase the value of the piezoelectric coefficient as compared 
with polarization at room temperature (even though the polarizing 
field at 110-120°C was only 15 kv/cm as against 25 kvycm at room 
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temperature). A similar effect was observed for barium titanate 
by Bogdanov et al8. d,,-106 cgse units 


i 
500 
7 
Lat 
pe 
300 
100 40 80 Costig,, Mole % 0 
50 100 7,°C 
Fig.4. Variation of the Curie Fig.5. Variation of the piezoelectric co- 
temperature with the PbTi0z con- efficient d,, as a function of the tempera- 
centration in BaTi0z—PbTi0z so- ture for different PbTi0z concentrations 
lid solution. (indicated in mole percent at the curves). 


The temperature dependences of d,, of different solid solutions 
in the rangé from 15 to 90° are shown in Fig.5. It will be seen 
that, except for the 95% BaTi03 + 5% PbTi03 composition, the piezo- 
electric coefficient of the solid solutions tends to increase with 
temperature. With increasing PbTiOg3 concentration the temperature 
dependence of d,;, becomes weaker and finally for the 55% BaTiOg + 
45% PbTi03 solid solution the coefficient is virtually temperature 


independent. 

From the engineering standpoint - - : 
it would appear most expedient to use PyTi0g, | eects oan cose 
compositions containing 10-15 mole mole % |———_ , ——__—_. 
percent PbTi0g since these combine a p= 25 kv/cm| E=15 kv/cm 
fairly high value of d,,; and a high Cu- 5 3.5 2.85 3.7 
rie temperature with a weak tempera- 10 ye 1.8 3.35 
ture dependence of dzss. Naturally, 15 ys Pn 2.40 
where the solid solution must be used 20 1.65 1.27 1.9 
at elevated temperatures and under con- ae i Ae ey 
ditions where the magnitude of the pi- e a a Ri 
ezoelectric coefficient is unimportant, 40 1.2 0.97 a 
it is advisable to use compositions with 4s 0.9 0.75 ef 
a high PbTi03 content. 50 0.57 | 0.4 — 

We desire to express our gratitude 
to B.M.Vul for his constant interest in 
the work and valuable advice. 
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DIELECTRIC PROPERTIES OF SOLID SOLUTIONS OF THE TERNARY SYSTEM 
BaTi03-PbTi03-BaSn0 3 
- S.V.Bogdanov, G.M.Kovalenko, R.Ia.Razbash & A.I.Cherepanov 


Solid solutions of the BaTi03-PbTi0g and BaTi0,-BaSn03 systems have been rath- 
_ er exhaustively studied.1-12 Hence we felt it would be of interest to investigate 
_ the dielectric properties of polycrystalline solid solutions of the ternary system: 
BaTi03-PbTi0,-BaSn03.- 
: We measured some of the dielectric properties of samples having the following 
- compositions: 

95% BaTi03 + 5% PbTi0, +n BaSn03, 

90% BaTiO; + 10% PbTi0,g + 1 BaSn03, 

85% BaTi03 + 15% PbTiO; + n BaSn03, 

80% BaTi03 + 20% PbTi03 + n BaSn03, 

75% BaTi03 + 25% PbTi03 + n BaSn0z, 


where n, the BaSn03 content, was 2.5, 5, 10 or 15% with respect to the total amount 
of BaTi03 + PbTi03, taken as 100%. The indicated percentages pertain to the compo- 
sition of the initial batch and are all in mole percent. The initial materials 
used in preparing the samples were BaC03, PbCO3, Ti09 and Sn0po. 


Experimental Results 


As was expected, the Curie temperature of the investigated solid solutions in- 
creases with increasing PbTi03 content (with the BaSn03 content constant) and de- 
creased with increasing BaSn03 content (PbTi03 content constant). The variation 
of the Curie point with the composition of the investigated solid solutions is 
shown in Fig.l. In the first approximation the dependence can be described by the 
empirical formula 


T , = [120 -+- am — bn}°C, (1) 


where ” is the PbTi0., content, n is the BaSn0O3 content and a= 3.8 and |) = 5.4 are 
empirical coefficients. 
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Fig.1. Variation of the Curie temperature with the composition of the BaTi03-PbTi03- 
-BaSn03 samples (figures at curves - mole percent BaSn03) - 

Fig.2. Temperature dependences of the dielectric constant of 95% BaTi0<+ 

+ 5% PbTi03g + n BaSn03z solid solutions (values of n given at the curves). 
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Spontaneous polarization Pg, residual polarization Pres and coercive force E, of 
solid solutions of the BaTi03-PbTi03-BaSn03 system 
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85BaTiO3 + 15PbTiOg + 15BaSnO3 
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80BaTiO3 + 20PbTiO, + 15BaSnOz i 


75BaTiOg + 25PbTiO3 + 2,5BaSnO, ~T, 
75BaTiOg + 25PbTiOs3 + SBaSnO3 Ae 
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In other words, 


=s 6-103 in the first approxi- 
€:10 
mation the effects of 
PbTiO3 and BaSnO3 may 
8 10 be regarded as addi- 
5 tive. At appreciable 
15 
6 25 concentrations of 
: PbTi0g (20-25%) and 
y BaSn0, (10-15%) , how- 
ever, there is ob- 
served a noticeable 
- deviation from this 
regularity: the Curie 
ow 80 eo 160 TC 20 (00 HOT AP aaa eee 
Fig.3. Temperature depend- Fig.4. Temperature depend- Eq. (1). 
ences of the dielectric con- ence of the dielectric con- The temperature 
stant of 90% BaTi0g + 10% stant of 80% BaTi03 + 20% dependences of the di- 
PbTi03 + n BaSn03 solid solu- PbTi0, + n BaSnOxg solid electric constant for 
tions (values of n given at att lata (values of n some of the investi- 
the curves). given at the curves). gated compositions 
are given in Figs.2, 
3 & 4. 


The values of the spontaneous polarization, residual polarization, and coer- 
cive field of the investigated solid solution specimens, measured by the oscillo- 
graphic procedure at a frequency of 50 cps and room temperature, are listed in 
the accompanying table. 

The nonlinearity of the permittivity of the investigated specimens was evalu- 
ated from the de electric field dependence of their reversible dielectric constant. 
The variation of the reversible dielectric constant at room temperature with the 
electric field strength for some solid solutions containing 15% BaSn03 is shown 
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in Fig.5. The nonlinearity (Ae/e)(1/E) (with E_.= 
~*~ 2.5 kv/cm) proved to be greatest (~107-4 cm/v) in 
the case of the 90% BaTi03 + 10% PbTi03 + 15% BaSn03 
solid solution. 

Polarized samples of all the investigated solid 
solutions exhibited piezoelectric activity. The 
most interesting proved to be compositions with 5% 
PbTi03 and 5 and 10% BaSn0Oz, in which the piezo- 
electric coefficient d3; (measured by the static 
procedure with c,, +13 kg/cm?) approached 10-5 cgse 
units, i.e., was 1.5-2 times greater than in pure 


BaTi03. 
A 7 10 15 
=, kv/ cr: Discussion 
Fig.5. Variation of the 
reversible dielectric con- It will be evident from the experimental data 


stant as a function of the that where BaTi03-PbTi03-BaSn03 solid solutions are 
dc field at room temperature concerned, the effects of PbTi03 and BaSnOg in the 


for some solid solutions range of low concentrations of these compounds are 
(E_*=2.5 to 15 kv/cm, E~~20 additive in the first approximation. Additivity no 
v/om): 1) 95% BaTi0g + 5% longer obtains, however, when the PbTi03 content be- 
PbTi03 + 15% BaSnO3, 2) 90% gins to exceed 20%. The observed deviations may 
-BaTi03 + 10% PbTiO; + 15% be explained, first, by the fact that with an ap- 
BaSn03, 3) 80% BaTi03 + 20% preciable content of PbCO3 in the initial batch 
PbTi03 + 15% BaSn03. there may occur appreciable volatilization of the 


lead, leading to a decrease of the actual PbCO3 con- 
tent (as compared with the assumed content based on the batch composition), and, 
second, by the possibility that in the process of synthesis, in addition to PbTi03, 
there is formed some other lead compound. Such a compound, for example, may be 
one described by the formula "PbSn0,"" (see Venevtsev et al13-15), the influence 
of which on the dielectric properties of the solid solutions should be more or 
less equivalent to that of BaSn0.. 6 It may be assumed that the amount of "PbSn0 3" 
formed is proportional to the content of PbCO, and SnOy in the initial batch, i.e., 
that in the case of a small amount of either of these components in the initial 
batch, the quantity of "PbSn0,"' forming will be small, its influence minor and the 
deviation from additivity insignificant. 

In the case of compositions containing 5 and 10% Pb1i03, the addition of 5% 
BaSn03 leads to an increase of the spontaneous and residual polarizations as com- 
pared with other solid solutions with the same PbTi03 content. This effect can 
be explained if we recall that the spontaneous polarization of polycrystalline 
specimens depends on two factors: first, on the magnitude of the spontaneous polar- 
ization of the individual domains or microcrystals comprising the polycrystalline 
specimen and, second, on the degree of its orientation by the electric field. In- 
crease of the BaSn03 content in the solid solutions, on the one hand, leads to 
decrease of the spontaneous polarization of the individual domains, and, on the 
other hand, reducing the volume electrostriction of the domains, facilitates ori- 
entation of the polarization vectors by the electric field (the number of 90° 
orientations increases). In the indicated low range of BaSn03 concentrations, the 
second effect probably predominates. Further increase of the BaSn03 content leads 
to such a decrease of the spontaneous polarization of the individual domains that 
this effect begins to predominate and hence the resultant polarization of the poly- 
-crystalline specimen decreases. 
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Specimens of 95% BaTiO, + 5% PbTi03 + 2.5% BaSn03, 95% BaTiO, + 5% Pbti0g + 
+ 5% BaSnO, and 90% BaTi03 + 10% PbTi03 + 5% BaSn03 exhibit somewhat higher values 
of spontaneous and residual polarization than pure BaTi03, with virtually the 
Same coercive force. Specimens of these compositions also yield a well formed 
hysteresis loop with satisfactory rectilinearity at relatively low values of the 
external field (6, 5 and 5.6 kv/cm, respectively). 


"P.N,Lebedev" Physical Institute, 
Academy of Sciences of the USSR 
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PHASE TRANSITIONS IN SOLID SOLUTIONS OF SODIUM TANTALATE IN SODIUM NIOBATE 
- V.A. Isupov ° 


j Formerly it was generally held that sodium niobate is antiferroelectric. Re- 
cently, however, Cross & Nicholson!;2 advanced the hypothesis that there occur both 
_ antiparallel and parallel ionic displacements in the unit cells of sodium niobate 
at low temperatures. They termed this state "ferrielectric". So far there is no 
x-ray evidence for the existence of the ferrielectric state of NaNb03. 

There is also a lack of reliable information in the literature on the nature 
_of the high temperature phase transitions in NaNb03 at ~500 and ~640°.3,4 The di- 
electric constant of NaNb03 single crystals goes through a sharp high maximum at 
320-350° (Fig.l). At 468-518° there is a discontinuity in the € curve, while at 
638° there is not even a jump in €, although there is a sudden change of TKe. In 
(Na,K)NbO3 solid solutions the high temperature transitions are shifted to lower 
temperatures as the Na ions are replaced by K ions.3 

In view of the above considerations, we sug- 
gested in our report? presented at the First Con- 
ference on Ferroelectricity that the Curie point 
of sodium niobate corresponds to the 360° transi- 
tion and that the high temperature transitions 
are not associated with ferro- or antiferroelec- 
tricity but are similar to the phase transitions 
in the (Ca,Sr)Ti03 system®-8 and are due to the 

J small radius of the Na ion. Krainik? concurred 

= Si% in this view in his report to the Conference. 


2° § sess | 
v hy apie Francombe & Lewis!° arrived at similar con- 
Fig.l. Temperature dependence clusions: they showed that the high temperature 


of the dielectric constant of transitions in the NaNbO,-KNb03, NaNb03-CdNb20¢ 
sodium niobate (after Cross & and NaNbO3-PbNb50g systems occur when the lattice 
Nicholson}). parameters, varying with temperature, attain a 
certain value, which is roughly the same for all 
the compositions of the solid solutions studied by these authors. Below this tem- 
perature the -C-Nb-O- chains become zigzag and there occurs "crumpling"” of the 
structure. Francombe & Lewis called such transitions "crumpling transitions”. 
We shall use this tern. 

In the present work we investigated the phase transitions in the NaNb0O,-NaTa03 
system by studying the temperature dependence of the dielectric polarization. It 
is known that phase transitions occur in NaTa03 at 630, 580 and 480°, 

The solid solution samples were prepared by the usual ceramic procedure from 
previously synthesized NaNbO3 and NaTa03. The sintering temperatures were 1280 to 
1480° (the holding time at peak temperature was 1 hour). 

Below, for the sake of brevity, we shall designate the NaTa03 content of the 
investigated solid solutions through x. 

Measurements of the dielectric constant at a frequency of 500 kc showed that 
the dielectric constant of NaNbO3 passes through a maximum at a temperature of 
365°. In addition, for all the NaNbO3 samples, we obtained small humps in the € 
vs T curves at 30-60° and -170°. Similar humps were noted in the € curves for some 
of the solid solutions. It will be evident from Fig.2 that with increasing x the 
temperature of the € maximum corresponding to the antiferroelectric transition de- 
creases and the peak itself becomes flatter and lower. At x = 0.75, however, the 
€ peak is sharp and high. 

The dielectric constant of NaTa03 increases only slightly with cooling. 

The temperature dependence of the thermal volumetric expansion poet ier seon of 
NaTa03 exhibits no anomalies in the temperature range from -180 to +510”. 
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For one of the sam- 
ples with x = 0.5 and all 
the samples with x = 0.55, 


ji two maxima appeared in 
, the € vs T curve (Fig.3). 
At x = 0.6 again only one 
maximum appears. Thus 
1000 with increase of x the 
first € maximum decreases 
900 and disappears in the 


interval 0.5< x < 0.6; 

a second maximum appears 
in this interval and in- 
creases in size with in- 

creasing x. The proper- 
ties of samples with x 

in the range from 0.5 to 
0.6 are greatly dependent 
on the preparation pro- 


7§ omcnomo-s cedure: for example, sam- 
of 0ccoccoco ples a and b both with 
aes x = 0.52 but sintered at 
200 070000 Sal EAE le oe ok fan A 1400 and 1440° exhibit 
. sharply different varia- | 
Fig.2.& 3. Temperature dependences of the dielectric tions of € with tempera- | 
constant € of polycrystalline specimens of Na(Nb,Ta)03 ture. 
solid solutions measured at 500 kc. The figures at Investigation of P = 
the curves indicate the NaTa03 content in mole percent. = f (E) showed that none | 


of the samples yielded 
hysteresis loops at 20°with an 18 kv/cem field. On the 
other hand, at -196° all the investigated compositions | 
except NaTa0., yielded dielectric hysteresis loops with : 
E ~40 kv/em. In the solid solutions with x > 0.5 hys- | 
teresis loops were observed only at temperatures lower | 
than that of the second € maximum (the low temperature : 
€ peak). The spontaneous polarization of solid solutions 
with x between 0.52 and 0.65 at -170° varied from 1.45 
to 1.8 microcoulomb/cm?. 

On the basis of our dielectric polarization measure- 
ments and the data in the literature we constructed the 
approximate phase diagram for the system shown in Fig.4. 
In this diagram we have also plotted the points (O and 
x) corresponding to the above mentioned humps in the € vs 
T curves for the different specimens. 

Before turning to a discussion of the experimental 


ai 


results, a few further remarks regarding the crumpling 
Sel 25 50 75 100 transitions’ are indicated. We believe that the ferro-, 
NoTa0;,molc ~: re 


Fig.4. Approximate phase diagram for the Na(Nb,Ta)03 solid solution system con- 
structed on the basis of our dielectric measurements and the data in the litera- 
ture: I - paraelectric state (cubic symmetry), II - Q-electric state (tetragonal 
symmetry), III - Q-electric state (pseudotetragonal (orthorhombic) symmetry), IV - 
quasiferrielectric state (orthorhombic symmetry), V - antiferroelectric state 
(orthorhombic symmetry), IV - ferrielectric state. 
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antiferro- and ferrielectric transitions (let us call these S-electric) are caused 
by dipole-dipole interaction forces, while crumpling phase transitions are caused 
by short-range forces. Apparently, it must be assumed that as a result of crumpl- 
ing phase transitionsthere may form structures in which 1) the moments of neighbor- 
ing unit cells are arranged antiparallel and compensate each other, 2) the moments 
of the unit cells are parallel or 3) the moments of the cells have both parallel 
and antiparallel components. Let us call these three states quasiantiferroelectric, 
quasiferroelectric and quasiferrielectric states, respectively (hereinafter we 
shall refer to them as G-electric). In contrast to S-electric transitions, the Q- 
-electric phase transitions are not accompanied by sharp and high maxima of the di- 
electric constant, but can be evinced by discontinuities, i.e., abrupt changes in 

€ or TK€. Crumpling transitions in (A,A')BOg type solid solutions are character- 
ized by an increase of the transition temperature as the larger A ions are succes- 
sively replaced by smaller A' ions. 

The high temperature cubic-»tetragonal phase transitions occur at virtually 
the same temperature in sodium niobate and sodium tantalate. In contrast, there 
is an appreciable difference between the Curie points of potassium (or lead) nio- 
bate and tantalate. Hence the minor difference between the phase transition tem- 
peratures in sodium niobate and tantalate (in view of the almost equal ionic radii 
of niobium and tantalum) is explained on the assumption that these transitions are 
essentially crumpling transitions. The same thing may be said of the tetragonal 
—pseudotetragonal (orthorhombic) transition observed in sodium niobate and tanta- 
late at 500 and 580°, respectively, and regarding the transition at 480° in NaTa03. 

Inasmuch as there obtain both antiparallel and parallel ionic displacements 
in sodium tantalate at room temperature1l, it may be inferred that NaTa0O3 is quasi- 
ferrielectric below 480°, 

It follows from the phase diagram that NaTaOxg can be antiferroelectric only 
at low temperatures if at all. 

The fact that dielectric hysteresis loops were observed for all the. investi- 
gated compositions (including NaNbOxg, but excepting NaTa03) at -190° gives reason 
to infer that there is present in all the solid solutions (and NaNbO3) a spontane- 
ously polarized phase, possibly, a ferrielectric one (this is consistent with the 
deductions of Cross & Nicholson). 

The disappearance of the dielectric constant maximum, corresponding to the 
antiferroelectric transition, and the growth of the low temperature € maximum can 
be explained by the existence of a narrow insolubility interval at 0.5< x < 0.6 
or by the presence of defect structure resulting from an insufficiently high sin- 
tering temperature. (Novosil'tsev & Khodakovl2 explain the absence of the € maxi- 
mum at 120° in the curves for barium titanate crystals grown at relatively low 
temperatures by the presence of defect structure.) It must be admitted, however, 
that both explanations appear doubtful: the existence of an insolubility interval 
is little probable, while the analogous disappearance of the antiferroelectric € 
maximum and the "genesis" of a ferrielectric maximum in NaNb0,-CaNb20, and NaNb03- 
-CaTi03 solid solutions, observed by Krainikl!3 makes the second explanation highly 
questionable, inasmuch as the components of both these systems are more readily 
fusible, so that the sintering temperature used in preparing the specimens cannot 
be considered insufficiently high (i.e., it is not probable that a defect structure 
is formed under the given preparation conditions). 

I take this opportunity to thank G.A.Smolenskii for his guidance and A. I.Ag- 
ranovskaia for assistance in preparing the samples. 
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INFLUENCE OF Fe203, Sr0, Sn09, ZrOg AND BaSn0g3 IMPURITIES ON THE DIELECTRIC 
HYSTERESIS LOOPS OF POLYCRYSTALLINE BaTi03 AND BaTi03-PbTi03 SOLID SOLUTIONS 
- G.M.Kovalenko, S.V.Bogdanov & A.M.Cherepanov 


The purpose of the present study was to determine the influence of certain im- 
purities on the parameters of the dielectric hysteresis loops of both polycrystal- 
line BaTi03 and a number of solid solutions of BaTi03 with PbTi03. It is known 
that even small amounts of extraneous substances can substantially alter the proper- 
ties of ferroelectric materials,1-7 

By way of host materials we used barium titanate and six of its solid solutions 
with lead titanate. By way of additives we used Fej903, Sr0, Sn0g and ZrO, in amounts 
of up to 3% by weight relative to the host material. The Sn05 was introduced both 
in the form of the oxide and in the form of barium stannate. In the latter case 
the amounts of BaSn0g added were 2.5 and 5 mole percent in excess of the basic compo- 
sition. The data on the 47 investigated compositions are listed in Table l. 


Table 1 
Composition of investigated substances 
Berit Yost, role ™ _impurities, % by weight over 100: 
Os BaTiO, | PbTiO, Fe.0, sr0 Sno, ZrO; 
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The procedure employed in preparing the specimens differed little from the 
conventional procedure commonly used in preparing barium titanate. In sintering 
the lead-containing specimens appropriate measures were taken to minimize volatili- 
zation of the lead oxide. The sintering temperature for some of the compositions, 
particularly those with BaSn03, was as high as 1550°. 

We recorded the dielectric hysteresis loops for all the samples at room tem- 
perature (20°) and from these by straight-forward calculations determined the basic 
loop parameters, namely, the spontaneous polarization P,, the residual polarization 
Po, the coercive force E, and the rectangularity ratio P,/Pya,.- The results are 
shown in Table 2. Among the investigated compositions there are several for which 
the characteristics of the dielectric hysteresis loop differ appreciably from the 
corresponding characteristics for the initial host material. The data for several 
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Table 2 
Variation of the spontaneous (P,) and residual (Po) polarization, the coercive 
force (E,) and the rectangularity factor of the dielectric hysteresis loop (Po/ 
/Pmax) With the content of Fe 203, Sr0, Sn0p and Zr0g impurities 
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eee 0, 8310, an 87] — |0,74/0,6710,7410,5310, 7410, 68 
| 
E 5° 102 coul/em® EN oe ie | |e.r 8,6 |7,3 |8,8 {8,7 
759% BaTiVs+ bee 10° é ee = te~ [9.5 8,3 |6,8 |8,6 17,6 
4.25% PLTIOg “og kv/ cm Oo: ap [ASDF Oz Be gee 
PoP 0,90 | — — |0,80)0,78}0,75|0,86/0,74 
Oo" max | | 4 / | 
emt eee | ea 
P+ 109 coul/en® | 10,7 | — a6 bg sd Meare es [op 
70% BaTiOg+ Sage " " 10:0: — ties 2} - ir 74 Bas Bios ie 
430%) PbTIOg Bay kv/cn 12,0 “ee age S] NO Giese Pees 
ye Asean 0,80 Ae = r SU}. - | oe pe) tae | = | = 
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' Table 3 
Influence of SrO and BaSn0, on the hysteresis loop parameters and the electric 
field strength necessary for obtaining saturation loops 


Host . Impuritics . Uvst ; 
matcrial Ywt Over 100% a ser aetirciick axa te cian 
er ' 
BaTiO, | PbTi sro Poe 10", Pos 10 : IP if 
; ge: : mre Bulyan~ aa fon* tg | Fof/ Fmax, " 
95 5 0 | 0 10,0 9,0 oa 0,76 8,0 
95 5 0 2 al 5,6 550 2,8 0,82 6,0 
95 5 0 5,0 6,6 6,0 2,0 0,83 5,0 
90 10 0 5,4 5,0 7,4 0,77 16,0 
90 10 0 5,0 6,8 6,2 2. 0,85 5,6 
75 25 0 0 7,0 6,8 9,0 0,90 18,0 
75 | .25 3 0 6.7 | 6,5 3:2 | 0,80 7,6 


such compositions are given in Table 3 (the listed values are the averages for 
3-4 measurements on samples from different batches). Analysis of the experimental 
data shows that the addition of impurities is an effective means for modifying 
the hysteresis loop parameters. For example, the addition of 3% Sr0 to 75% BaTi03 
+ 25 % PbTi03 has virtually no effect on the values of Pg,Pg and Po/Pmax of the 
initial solid solution, but at the same time reduces the coercive force to almost 
1/3 its initial value and more than halves the electric field strength necessary 
for saturation. 

In discussing the mechanism whereby the impurities influence the hysteresis 
loop parameters it may be argued that the introduced impurities a) act as a flux « 
improving the sintering and enhancing the density of the specimen, b) enter into 
the crystal lattice and “loosen” it to some extent, c) form new chemical compounds 
with the other components or, d) by their presence in some way facilitate growth 
of the crystals in the polycrystalline specimens (as Remeika! suggests with re- 
spect to Feo03 in the case of single crystals). 

In her report to the Conference, Verbitskaia described the influence of small 
amounts of impurities on the dielectric properties of ferroelectric substances, in 
particular, on the dielectric constant and tan §. She stated that impurities even 
in the amount of only 0.1% can significantly alter the dielectric properties of 
the host material. Although she infers that when present in large amounts impuri- 
ties may form new chemical compounds, Verbitskaia is of the opinion that the im- 
purities act primarily as fluxes improving the sintering. 

There is no reason a priori to exclude the possibility of any (or all) of the 
above effects. It must be noted, however, that although improvement of sintering 
(flux effect) should lead to increase of Ps and Py, it can hardly substantially de- 
crease the coercive force. Yet in all the experimental cases where any substanti- 
al effect was observed, we found an appreciable decrease of the coercive force 
sometimes by a factor of almost 3. This shows, at any rate, that impurities do not 
serve merely as a flux. Unfortunately, until further data are available, it does 
not appear feasible to give a more detailed analysis of the mechanism involved in 
the influence of impurities on the dielectric properties of the ferroelectrics. 


Conclusions 


1. Our experiments showed that the addition of small amounts of Fe203, Sro, 
Sn05, Zr02Q or BaSn0Og can serve as an effective means of modifying the basic char- 
acteristics of the dielectric hysteresis loops of both BaTi03-PbTi03 solid solu- 


tions. 
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NONLINEAR PROPERT IES OF SOME (Ba,Sr) (Ti,Sn)03 SOLID SOLUTIONS 
- A. I.Medovoi 


Investigation of the ferroelectric properties of solid solutions based on 
barium titanate is of both practical and theoretical interest, inasmuch as such 
investigations can lead to a better understanding of ferroelectricity. Until now, 
such investigations have been largely restricted to binary systems. The first to 
study multiple component systems in the USSR was Myl'nikoval who worked with (Ba, 
Pb) (Ti,Sn)O3 solid solutions. 

In the present work we investigated the (Ba,Sr) (Ti,Sn)03 system. We chose 
this system in view of the possibility of obtaining ceramics with a high dielec- 
tric constant and pronounced nonlinear properties. 

The specimens were prepared by the usual ceramic technique. The values of € 
and tan § were measured on a MKE-2 type bridge at a frequency of 104 cps. In 
these measurements the maximum voltage on the samples did not exceed 4-6 v. The 
dielectric constant in high electric fields was evaluated from the capacitance 
which was calculated on the basis of the effective current. Losses were not taken 
into account. 


1. Temperature dependences of € and tan § in weak fields 


The measurements were car- 
ried out on specimens containing 
up to 30% strontium titanate. 
The temperature dependences of 
€ and tan § in weak electric 
fields are shown in Figs.1 & 2, 
respectively. 

It will be evident from 
Fig.1 that there is a range of 
compositions in which the values 
of € in the region of the Curie 
temperature are exceptionally 
high (i.e., higher than those 
Fig.l. Temperature dependences of the dielectric of other solid solutions). All 


-120 eal 0 60 120 7. 


constant € for a number of solid solutions of the € vs T curves have maxima 

the (Ba,Sr) (Ti,Sn)03 system. The figures at the and humps which correspond to 
curves indicate the respective percentages of phase transitions. As the SrTi03 
BaSn03 and SrTi03. content of the specimens is in- 
tg 6-10" creased, the € maxima and humps 


600 UL Si a ee : shift to lower temperatures. 
F ] The low temperature phase transi- 
a tions are more clearly evinced 
in the tan § vs temperature 
curves (Fig.2). There is evident 
a general rise of tan § in the 
: eo ie . region of low temperatures. This 
200 eae Pete . BET eB ERG 7 is in agreement with the work 


400 


of Blunt & Love2 who found that 

tan § of polycrystalline BaTi03 
and its solid solutions with 

ied ih . “a4 id om tg SrTi03 goes through a maximum 


Pig. 2. Temperature dependence of tan 6 in weak in the rhombohedral modification. 


fields. The observed temperature depend- 


- 1506 - 


ence of tan § in weak fields is consistent with the con- 
cepts developed by Bokov.3 

We used the transition temperature values deduced 
from the € and tan § curves to plot the variation of the 
phase transition temperatures as a function of the SrTi03 
content in a series of solid solutions containing 5% 
BaSn03- It will be seen from Fig.3 that the phase trans- 
ition points fit three straight lines. Extended on the 
basis of the temperature dependences of € and tan § these 
lines intersect at a common point. It follows that an 
SrTi03 content > 60% there can occur only one phase 
transition, i.e., a direct cubic-»rhombohedral transition. 
Obviously, the compositions corresponding to the region 
of approach and intersection of the phase transition lines 


Csr 10% are characterized by the highest values of €. 
Fig.3. Variation of the A comparison of our data (Fig.1) with the data of 
phase transition tem- Smolenskii & Isupov4 for the Ba(Ti,Sn)03 system shows 
peratures with the that our solid solutions have sharper € peaks in the 


SrTi0, content in BaTi03 region of the Curie point and appreciably higher values 
solid solutions contain- of €nax. 
ing 5% BaSn03. 

2. € = f(T) in strong electric fields 


Fig.4 shows the temperature dependences of € at different values of the ac 
field for a specimen containing 5% BaSn0xg and 12% SrTi0g. Similar curves were ob- — 
tained for the other investigated solid solutions. It will be seen that € at first 
increases and then decreases with increase of E,. The field value at which the 
maximum value of € is observed depends on the temperature. 


ee P 

0 1000 ~=— 2000 += 3000 
160 E_.V ca? 

| Pig.4 ae Fig.5 
Fig.4. Temperature dependences of € at different values of E. for a specimen hav- 
ing the composition 83% BaTi03 + 5% BaSn0, + 12% SrTi03: 1) E. = 60 v/em, 2) 1250 

v/em and 3) 2000 v/cm. 

Fig.5. Variation of € with the biasing field at different values of Ew 
for a specimen consisting of 87% BaTi03 + 5% BaSn0g + 8% SrTi03: 1) BL = 
' = 1000 v/em, 2) 500 v/cm, 3) 1000 v/cm, 4) 2000 v/cm. 
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When the ac field is increased to about 1000 v/cm there appear sharp € peaks 
in the region of the phase transitions; these are connected with increase of the 
orientational polarization incident to transitions to phases of lower symmetry. 
With further increase of the field strength these peaks are smoothed out because 
the number of domains oriented by this field becomes less dependent on the tem- 
perature. Naturally, the electric field strength at which € attains the highest 
value differs for different phase transitions. 


3. € = f(E.) at room temperature 


We measured the variation of € as a function of the biasing dc field for a 
series of samples containing up to 25 mole percent strontium titanate. The bias- 
ing field dependences of ¢€ in different ac fields for the solid solution contain- 
ing 5% BaSn0O3 and 8% SrTi03z are shown in Fig.5; similar dependences were obtained 
for the other investigated solid solutions. 

It will be obvious from Fig.5 that there is a certain ac field value at which 
€ exhibits the strongest variation with EL. Similar dependences were first ob- 
tained for some Ba(Ti,Sn)03 solid solutions by Verbitskaia®. 

The electric nonlinearity coefficient can readily be computed from the slope 
of the € curves. Calculations and experiments show that the nonlinear properties 
of the solid solutions in the investigated series are very similar. Hence through 
appropriate choice of the solid solution composition one can design capacitors 
having high capacitance values characterized by a weak temperature dependence. 

I desire to express my deep gratitude to Dr. G.A.Smolenskii for his interest 
in the work and discussion of the results. 
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LOW TEMPERATURE POLARIZATION OF BARIUM TITANATE CERAMICS 
- L.A.Shuvalov, M.M,Kachkacheva, L.Z.Rusakov & I.S. Zheludev 


Ferroelectric ceramics acquire piezoelectric properties only as a result of 
polarization in a strong de field. The process of polarization consists of rota- 
tion through a certain angle of the spontaneous polarization vectors (the Z axes) 
of the domains comprising the crystal grains of the ceramic. As a result the di- 
rections of the Z axes are distributed within a certain angle 9 about the direc- 
tion of the polarizing field E. The limiting values of the distribution angle 
(0)4m) are also fixedl. Commonly "hot polarization" is employed, i.e., the field 
is applied to a specimen heated to a temperature close to the Curie point. "Cold 
polarization" (at room temperature) requires a stronger field and more time and, 
as a rule, leads to lower values of the piezoelectric coefficients. 

We carried out a series of experiments on polarization of BaTiO. ceramic in 
the orthorhombic phase; we term such polarization "low temperature polarization”. 
These experiments were undertaken in connection with our earlier hypothesis regar 
ing the possibility of obtaining by means of such polarization in relatively mode 
ate fields enhanced values of the piezoelectric coefficients in the orthorhombic 
and tetragonal forms of the ceramic. Our reasoning is based on the following pre 
mises which follow from Ref.1: 

I. There are fundamentally only two ways of increasing the piezoelectric co- 
efficients of’ the ceramic without altering the properties and structure of the in: 
dividual grains and grain boundaries: 

1) One can try in the process of polarization to realize rotations of the 
domains through the smallest feasible angles; this will reduce the angle 6)4 (an 
of spread of the domain Z axes) and the smaller this angle, the higher the values 
of the piezoelectric coefficients!. To this end one must use the strongest possil 
polarizing field, extend the polarization time, etc. 

2) Within a given range of allowable domain rotation angles (i.e., with 
61im = const.) one must try to obtain the most favorable inhomogeneity in the dis- 
tribution of domain orientations, that is, try to increase the distribution densi- 
ty close to the Z axis of the ceramic specimen. This inhomogeneous distribution 
can be realized, for example, in the following manner. 

Assume that the “hot polarized’ specimen is transformed from the tetragonal 
to the orthorhombic phase. Incident to the transition the angle @ is increased 
by 45° (owing to spontaneous rotation of the domain Z axes through 45°), and the 
relative and absolute magnitudes of the piezoelectric coefficients of the ceramic 
will decrease. If the specimen is now brought back to the tetragonal modificatior 
by warming in zero field the domains will rotate in the opposite sense and the 
specimen will return virtually to the initial state. If, however, while the speci 
men is in the orthorhombic phase we apply a polarizing field oriented in the same 
direction as the initial polarizing field, the Z axis distribution angle will be 
reduced from @ to 6,im owing to rotation of the domains whose 2 axes are outside 
the angle 9]jim. Now after return to the tetragonal phase the specimen will have 
higher values of the piezoelectric coefficients than initially, owing £0 advantage 
ous inhomogeneity of the angular distribution of domains [the distribution density} 
will decrease in the solid angle from 0)jm to (01im - 45°) and increase in the 
angle from 0° to (@,im - 45°)]. 

“II. In addition to the 90 and 180° switching that occurs in the tetragonal 
modification, in the orthorhombic phase there can also be ter ees domain rota- 
tions through 60°. Hence 6@)im in the orthorhombic modification is smaller than 
in the tetragonal one (45° instead of ~56°); consequently, in the orthorhombic” 
phase there can be realized a higher relative value of the piezoelectric coeffi- 


cients However, in transition of the ceramic polarized in the orthorhombic phase 
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from this phase to the tetragonal one, the piezoelectric coefficients decrease ow- 
ing to increase of the angle @ because of spontaneous rotation of the domains. 
Hence the values of the coefficients in the tetragonal phase end up by being smal- 
ler than in the case of direct polarization in this phase because @ proves to be 
greater than 6)jm. Now, however, if we polarize the ceramic in the orthorhombic 
phase and then transform it to the tetragonal phase without removing the polariz- 
ing field, owing to enhanced mobility of the domains close to the transition point, 
we can expect the field to hinder increase of @ above 0]im for the tetragonal phase 
and we therefore should obtain a more advantageous inhomogeneity of the angular 
distribution of domains. 

III. Although in any particular ferroelectric phase the mobility of the domains 
decreases with decreasing temperature, in the immediate vicinity of a transition to 
a lower temperature phase the mobility abruptly increases. This is substantiated 
by the work of Wieder? who observed a sharp decrease of the coercive force in c-do- 
main crystals of BaTi03 incident to the tetragonal—»orthorhombic transition. The 
experiments of Bokov3,4 carried out on ceramic also indicated a decrease of the 
activation energy for she rotation of domains at the tetragonal—*orthorhombic trans- 
ition. 

Thus in the orthorhombic phase close to the transition point from the tetra- 
gonal one, there are realized favorable conditions for polarization of the ceramic 
and hence one can expect effective polarization to occur in relatively weak fields. 


Experiments and Results 


Accordingly, we undertook a series of experiments on polarization and repolar- 
ization of BaTi03 ceramic at temperatures below the transition point to the ortho- 
rhombic phase. 

; We used ceramic disks 36 mm in diameter and 1 mm thick prepared by the conven- 
tional procedure. The electrodes were fired on. The specimens were initially 
polarized at 115° for 1 hour in a 6 kv/cem field and then cooled in the field. The 
degree of polarization was evaluated on the basis of the piezoelectric coefficient 
dg, Which was measured by the resonance-antiresonance procedure®. Repeated hot 
polarization in stronger fields and for longer periods yielded no significant in- 
crease ind,, ; hence it may be assumed that the specimens had the highest value of 
dz, attainable by hot polarization. After polarization the specimens were stored 
for 10 days; after which the values of dz, were measured at 28°C. These were taken 
as the initial values of the coefficient. 


Low temperature repolarization 


The repolarization was carried out at 0° (i.e., 5-7° below the tetragonal— 
—orthorhombic transition point) in a 1 kv/mm field for 1 hour. Then the speci- 
mens were heated to the initial temperature (28°) and after a brief aging period 
the value of d,, was again measured. In an alternate procedure the specimens were 
repolarized with heating in the field to a temperature above the phase transition 
point. The results of both series of experiments are shown in Table 1. Both re- 
polarization procedures yielded an increase of dz, but in the case of heating in 
the field, the results, in accord with the considerations set forth above (Section 
II) proved to be more stable and the increase in d,, amounted to 15% on the average. 

It is known that the variation of the coercive force at the "boundary" between 
the tetragonal and orthorhombic modifications is characterized by temperature hys- 
teresis. Hence we carried out experiments on repolarization of the specimens at 
-15°C, i.e., well below the temperature of the coercive force discontinuity. After 
oatkcation of the polarizing field,we measured the piezoelectric coefficient every 
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Table 3 half hour in order to 
determine the optimum 
polarization time. The 
results are shown in 
Table 2, from which it 
may be seen that polar- 
ization times in excess 
of 1.5 hours lead to 
no further increase of 
the coefficient. Com- 
parison of the values 
in Tables 1 & 2 shows 
that on the average 
the increase in d,, 
with repolarization at -15°C is no greater than with re- 
polarization at Ot. although individual samples do exhibit 
a greater increment in d,,. Typical temperature depend- 
Temperature dependences ences of the piezoelectric coefficient before and after 
Gigs i.) before re- repolarization are shown in the accompanying figure. 


polarization, 2) after 


repolarization and 3) Low temperature polarization 
after aging for 3 
months. A number of samples after measurement of d,, were de- 


polarized by heating to 200°. These samples were then 
subjected to low temperature polarization in the orthorhombic Seas at 00 inal 
kv/mm field for 1.5 hours and with heating in the field to ~15 The results are 
shown in Table 3. It will be seen that after transition of the ceramic polarized 
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in the orthorhombic phase to the tetragonal modification in the field the result- 
ant coefficient, far from being lower as in the case of hot polarization (as was 
the case in heating in zero field) is actually appreciably higher. 


Aging 


It is known that aging of BaTi03 ceramic is largely connected with return of 
domains that have been switched 90° to their original position. Hence we could 
expect to observe enhanced aging of our specimen. Actually, the decrease of d,, 
with aging was noticeable, particularly in the case of specimens with a large in- 
crement in d,,. For most samples, however, even after 3 months aging, the value 
of d,, was on the average 10% higher than initially, i.e., before low temperature 
repolarization (see figure). 

A number of the polarized and repolarized samples were subjected to several 
successive cycles of cooling and heating through the transition point. The values 
of d,, changed very little. 


Conclusions 


1. Low temperature repolarization in the orthorhombic phase leads to an in- 
crease of the piezoelectric coefficient of the ceramic in the tetragonal phase. 
Repolarization with warming in the field yields an increment of d,, averaging 15%. 
Despite appreciable decrease of the coefficient during aging the final value of 
d,, remains approximately 10% higher than the initial one. 

2. Heating in the polarizing field after polarization in the orthorhombic 
modification hinders decrease of d¢d,, upon transition to the tetragonal phase. 

3. Polarization in the orthorhombic phase with subsequent heating in the field 
requires a lower field strength than polarization at room temperatures and yields 
values of d,, equal to or in some cases noticeably higher than obtained with hot 
polarization. Hence it may be expedient to employ low temperature polarization 
particularly in cases when hot polarization is inapplicable (for example, owing 
to high conductivity near the Curie point). 

We take this opportunity to thank V.G.Zatevakhina who participated in the 
experiments. 
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ON OBTAINING PIEZOELECTRIC CERAMICS FOR HIGH TEMPERATURE APPLICATIONS 
- 1.S.Rez, E.G.Smazhevskaia & M.M.Kachkacheva 


In connection with technological developments the upper bound 
of the operating temperature range specified for electromechanical 
ceramic transducers is being extended upward. Transducers made of 
barium titanate are capable of stable operation only up to a tem- 
perature of about 70°, the Curie point of this material being ~120° 
(Ref .1). It is therefore desirable to search for and investigate 
piezoceramic materials with higher Curie temperatures. 

In view of this we undertook the preparation and investigation 
of the following substances: 

a) (Ba,Ca)Ti03, (Ba,Pb)Ti03 and (Ba,Ca,Pb)Ti03 solid solutions; 

b) Pb(Ti,Zr)O3 solid solutions, and 

c) lead niobate and solid solutions containing it. 

A summary of our results follows. 

A. Investigation of the behavior of barium titanate piezocera- 
mics at elevated temperatures with auxiliary polarization showed 
that these materials could be used up to ~100° with a polarizing 
voltage of the order of 6 kv/cm (see Fig.l). 


Fig.l. Variation of the piezoelectric coefficient ¢a with the 
temperature for different ep rae polarization potentials 
(indicated in kv/em at the ourves). 


B. Some results of our studies of (Ba,Ca)Ti03, (Ba,Pb)Ti03 
and (Ba,Ca,Pb)Ti03 solid solutions are summarized in Figs. 3 & 4. 
The experimental data indicate that it should be feasible to use 
piezoceramics of this type without auxiliary polarization up to 
temperatures of 95 to 200° (the latter figure applies to @a, Pb) Ti03; 
with auxiliary polarization, the effective operating temperature 
range can probably be extended. 


-50 -10010 
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In investigating (Ba,Pb)Ti0g 
and (Ba,Ca,Pb)Ti03 solid solu- 
tions it became apparent that 
owing to thermal dissociation 
an appreciable part of the PbO 
is volatilized during the heat- 
ing; this results in highly in- 
homogeneous distribution of the 
PbO through the thickness of 
the final ceramic (see Fig.4 
which shows the variation of 
the dielectric constant of sam- 
ples having an initial composi- 
tion of 95 to 70% BaTi0O3 and 
5 to 30% PbTi0O3 as successive 


Fig.2. Variation of € with tempera- layers are ground off). Par- 


ture for different compositions. 
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Fig.3. Variation of d,, with 
temperature for iifferent 
ceramics. 

é 


tial evaporation of PbO from 

such materials has also been noted in the 
work of Myl'nikova and Valeev 

C. Samples of ceramic having the ini- 
tial composition Pb(Zrg 55Tig.45)03 (Ref. 
3) were obtained with a large scatter of 
Ey, ds, and Tc owing to uneven volatiliza- 
tion of PbO. The average characteristics 
of investigated samples are shown in Figs. 


at a 
D. According to the data in the lit- 


erature,4 the ferroelectric material with 
with the highest Curie point (570°) is 
lead metaniobate - PbNb90g. Since we 
could find no published data on the con- 
ditions of formation of PbNb206, a com- 
prehensive thermographic investigation 
of this reaction was undertaken in the 
laboratory of Kh.S.Valeev at the GIEKI 
(State Electric Ceramics Research Insti- 
tute); after thermographic investigation 
of pure PbO and Nb905, the synthesis and 
sintering of PbNb90g were studied (the 
respective thermograms are shown in Figs. 
Sri G 

The following designations are used in 


the thermograms: A - temperature of the 
standard sample, B - differential temper- 
ature, C - variation in the dimension of 


the sample and D - variation in the 
weight of the sample. 

Sintered PbNbo0g samples were polar- 
ized in hot silicone oil (liquid No.5). 


Fig.4. Variation of € over the thickness & of 
(BaPb)TiOz samples, i-e-, as successive layers 
are ground off. (The figures at the curve 
give the mole percent content of PbTi03). 
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765° 
9407” 
115° 


Fig.5. PoNbo0, synthesis thermozram. Fig.6. PbNbo0g sintering thermogram. 


The maximum field gradient at 200°C was 12 kv/cm. The initial ther- 
mo-dielectrograms showed a characteristic € peak at Tc = 570°C. In 
attempts to record repeat € vs temperature curves, it was found that 
the samples cannot withstand reheating above the Curie temperature, 
i.e., upon reheating apparently undergo a transition to the _para- 
electric state. A similar observation was made by Francomb’. We 
were unable to detect any piezoelectric activity in pure lead nio- 
bate. 

In view of the above results, it was clearly desirable to pre- 
pare and investigate lead niobate-base solid solutions. Recommen- 
dations as regards the range of test compositions for lead niobate 
piezoelectric ceramics were made by G.A.Smolenskii and V.A.Isupov. 
Among the compositions investigated so far, the best properties are 
exhibited by (Pbo gBag. 4)Nb206; the temperature dependences of € 
and d,, for this ceramic are shown in Figs. 2& 3. Of badge det dt? in- 
terest is the retention of rather high values (to 1.3-10-§) of the 
piezoelectric coefficient d,;, up to 200°, the Curie temperature of 
the materials being ~250°C. 

Conclusions 
The principal results of our experimental studies are summari- 


zed in the table below. 


Investigated compo-— Stee i arnerey Pag 
sition (molar Fon ey | S.410-9 
proportions) ) sh rece Uni te 
BaTiOs . 130 Pa a0 e (fe) 4.50 1.17 
(Bag ggCag 44) TiO3 130 | 670 0.95 

(Bap qgCag, 43P bg 99) TIOs 150 450 (| * 0.50 

(Bag gPby »)TiOs 250 220 | 0.40 

(Pb «Bag, Nb» O, 280 FL t290 "| 1.30 1,04 
PH(Zr, seg, 2) 250 600 | 1.10 1,82 


Analysis of the cited data shows that the most promising piezo- 
ceramics for high temperature electromechanical transducers are 
lead niobate-base solid solutions; next in order of desirability 
are lead zirconate-titanate solid solutions, the preparation of 
these, however, is technologically more difficult. Barium-calcium 
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titanate and barium-calcium-lead titanate solid solutions can be 
used up to temperatures of 120-130° with auxiliary polarization. 
Barium-lead titanate solutions, apparently, do not hold great pro- 
mise unless means can be discovered for enhancing the homogeneity 
of the material and enhancing the low dielectric strength of these 
ceramics at polarization temperatures through appropriate modifica- 
tion of the composition, i.e., modifications aimed at reducing the 
conduction losses which hinder piezoelectric excitation of electro- 
mechanical transducers of this material. 

In conclusion we desire to acknowledge our indebtedness to L.Z. 
Rusakov for valuable advice and to staff members of the TsNILP L.B. 
Germaize, A.P.Ermakova, A.V.Konstantinov, N.A.Podol'ner, V.A.Rov- 
nitskii and A.A.Filimonov for their assistance in the work. 


TsNILP (Central Scientific Research Laboratory 
for Piezoelectrics) of the Committee on Radioelectronics 
under the Soviet Ministers of the USSR 
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METHOD OF MEASURING THE DIELECTRIC CONSTANT AND LOSS TANGENT OF 
FERROELECTRICS IN HOMOGENEOUS SUPERHIGH FREQUENCY FIELDS (3000 Mc) 
- I.V. Ivanov & V.M. Petrov 


Investigation of the dielectric characteristics of ferroelectric substances 
at superhigh frequencies (s.h.f) imposes certain rather rigid requirements on the 
measurement procedure. In measuring the ac and de field dependences of € it is 
essential to make sure that the fields are uniform over the volume of the speci- 
men, for otherwise, if there is an appreciable field dependence, the values of € 
at different points in the specimen will be different. In the procedures!~5 en- 
ployed hitherto for measuring € and tan § of ferroelectrics the dimensions of the 
specimens were comparable with the wavelength in the dielectric and hence, obvious- 
ly, the amplitude of the s.h.f. field varied over the volume of the specimen. Fur- 
thermore in these procedures it was difficult or impossible to apply a uniform dc 
field to the specimen. 

The difficulties involved in applying homogene- 
ous fields can be overcome by using a coaxial mea- 
suring line with the capacitor at the load end (one 
possible set-up of this type is described in Ref.6). 
The ferroelectric specimen in the form of a small 
cylinder is mounted in the plane capacitor formed by 
the end of the inner conductor and the cap of the 
outer conductor (Fig.l). In this case the measure- 
ments reduce to determining the input impedance of 
the capacitor. Whereas at microwave frequencies and 
for dielectrics with a low value of € (as in the 
case described by Brandt®) the input impedance is 
Fig.l Measuring arrange- calculated by means of the static formula for a 
ment. plane capacitor, for dielectrics with a high value 
of € the impedance at s.h.f. can differ greatly from the static value, inasmuch as 
the effective dimensions of the capacitor in this case are comparable with the 
wavelength. 

Calculations show the condition for homogeneity of the s.h.f. field imposes 
the following requirements as regards the dimensions of the specimen: 


d<d/2Ve and 7,<0.43/kYVs, Se 


where A= 2=/}, d is the height and ;, is the radius of the specimen (see Fig.1). 
When the requirements (1) are fulfilled, the field at the periphery of the speci- 
men differs from its value at the center by less than 5%. The input impedance of 
the capacitor is primarily capacitive and the s.h.f. capacitance can be approxi- 

mated (to within 5%) by 


C=, (2) 


Here the coefficient er 
Cis Bi ery [Vo (Ar2) — Vy (Ar,)] (3) 


is less than 0.25 if (1) is satisfied, and the coefficient 
= = hry [\: (Ars) + - AryNo (kr,)] 


is close to unity; (, = ¢°/3.6d unpf is the static capacitance of the specimen and 
Co = re2/3.6d wet is the capacitance of the capacitor without the dielectric. The 
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effective capacitor radius 2, which taking into account the edge effect is some- 
what greater than the radius a of the inner conductor, is determined from measure- 
ment of the no-dielectric capacitance (,) by means of the measuring line. 

With increasing radius of the specimen the s.h.f. capacitance C of the capa- 
citor deviates increasingly from the static value. At m=0,85/kVs, for a = 3.5 mn, 


C becomes infinite and at still higher values of - the input impedance becomes 
inductive. 

Substituting the complex dielectric constant <(1 — / tan$) for € in (2), we ex- 
press the active component of the impedance in terms of € and tan §. Thus we ob- 
tain the following expressions for the conductance and reactance of the capacitor: 


; ae» 
G = °C") tan § and B= jul (3) 


(with tan § < 0.3 the loss in the dielectric has virtually no effect on the reac- 
tance). Having measured the standing-wave ratio and determined the position of 
the minimum relative to the minimum with the capacitor short-circuited, we find G 
and B from the circular diagrams. Further from the appropriate curve (for the gi- 
ven specimen radius) characterizing the variation of C with € (Fig.2), we find ¢€ 
and then calculate tan § by means of (3). 

Appreciable losses in ferroelectrics at s.h.f. 
lead to intense nonuniform heating of the specimen 
in strong fields. Hence for measurement purposes 
one must use a pulse generator with a low duty fac- 
tor. The heat conduction equation yields the fol- 
lowing expression for the maximum temperature dif- 
ferential between the center and the end faces of 
the specimen, which are assumed to be in thermal 
contact with massive metallic electrodes: 


¢ tan Sef? + 


AT 


(4) 


14.47% +10 co (1 — eH te) © 


Here EX is the amplitude of the pulse field, 
t is the pulse duration and F is the pulse repet- 
Fig.2 Variation of the s.h.f£ ition rate, c is the specific heat and s is the 
capacitance C of the capaci- density of the ferroelectric, «is the temperature 


0 1008 2000 é 


tor with € for > = 10 cn, rise time at the center of the specimen and is equal 
d = 0.45 mm and re= 3.7 mm: to cod?/8h), where i, is the heat transfer coefficient. 
1) r, = 0.15 mm, 2) mn = 0.2 With tT = 1 psec, F = 10 pulses/sec and d = 0.5 mn, 
mm, 3) 7:= 0.25 mm. The one can use fields up to 15 kv/cm for barium titan- 


dashed lines are the corres- ate at \} = 10 cm; the maximum temperature different- 
ponding static dependences. ial in this case is 10°. 

The design of the measuring capacitor is shown 
in Fig.3. The cylindrical specimen with silvered faces is clamped between the 
piston 1 and the end face of the inner conductor 2 of the coaxial line. The pis- 
ton, which can be moved by means of the micrometer screw 4 and locked in any de- 
sired position by clamp 3, makes it possible to short circuit the capacitor 5 or 
to obtain the air (no-dielectric) capacitance necessary for determining r,. The 
measuring capacitor is connected to the IKL-10M coaxial line by means of the stan- 
dard plug 6. The dc voltage can be supplied through a slit in the line wall by 
means of a fine wire connected to the inner conductor (appropriate provision must 
be made to protect the pulse generator). With this arrangement the de field on 

lso be homogeneous. 
wes Se a orror in eet € by the described procedure is 10%; the error 
for tan § is 15-20%. With specimen radii greater than specified by (1), the accu- 
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Fig.3. Design of the measuring capacitor. 


racy of measurement falls off greatly. In the case of low loss (tan § < 0.01) 
dielectrics, the relative accuracy in determining tan 6 will obviously be low. 

The described procedure is satisfactory for recording the reversible ¢€ and 
tan 5 characteristics of ferroelectrics at superhigh frequencies; with it both 
the de and ac field are uniform over the volume of the specimen. If a section 
of suitable cable is used to couple the measuring capacitor to the coaxial line, 
the capacitor can be mounted in a thermostat and one can determine the tempera- 
ture dependences of € and tan 8. 

Control measurements were carried out by means of the described set-up on 
specimens of barium titanate and Varikond VK-l. The results obtained agree with 
the data in the literature. 

We desire to thank T.N.Verbitskaia for discussion of the experimental results 
and for makihg available the ceramic specimens. 


Department of Physics (Theory of Vibrations Section) 
Moscow State University 
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OSCILLOGRAPHIC PROCEDURE FOR INVESTIGATING THE INSTANTANEOUS PARAMETERS 
OF NONLINEAR CAPACITORS 
- A. L.Khodakov 


1. The dielectric hysteresis loops q=f(u) for ferroelectric capacitors, 
where g is the charge on the capacitor plate and 1 U,Sinwt is the applied vol- 
tage, are usually obtained by means of the Sawyer-Tower! circuit. 

Let 


q; = — J(u) (1) 


be the equation describing the lower (ascending) branch of the hysteresis loop. 
Then for nonpolarized specimens the equation for the upper (descending) branch 
will be 


qe = —f(— 4). (2) 


If we replace the standard capacitance C, in the circuit by a standard resis- 
tance Rs = 1/Gg (Fig.1), instead of the usual hysteresis loop (charge loop), we 
will obtain on the oscillograph screen so-called "current loops'’2. The corres- 
ponding values of the current through the ferroelectric capacitor will be described 
by 


i; = of’ (u) V 2 ut; (3) 
ig = — wf’ (u) // u2—u?. (4) 


Fig.l. Circuit for obtaining hystere- 
sis loops and current loops: Tr - high 
voltage transformer, C - capacitor un- 
der study, Cg - standard capacitor, 

Rg - Standard resistance, S - switches, 
r - variable resistance and R - resis- 
tor (for applying additional voltage). 


In measurements on a high voltage bridge with a resonance indicator, the 
bridge is balanced through compensation of the first current harmonic. Hence ex- 
panding the expression for the current i in a Fourier series and limiting the ex- 


pansion to the first harmonic, we obtain 


l Gi, (Wy) Ug Sint — OC, (Uy) Uy COs wl, ; (5S) 


where 


G,, (Uo) sas fi’ (u) + /' (—u)} udu 
(6) 


and ie 


Gills): = a \ (f’ (u) + f' (—24)} Vw —u? du 


are the values of the equivalent conductance and capacitance, respectively, ob- 
tained in the bridge measurements (when the amplitude of the applied sinusoidal 


voltage is u,). From the areas of the current loop 5S; \ idu and the charging loop 


Stesp ae 
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Sa \qdu» as they appear on the oscillograph, we can determine 


: bw ; 
4 t 
Gn ("1) peek Fe: (7) 


9 Ss 
G lly : a tee . 
Or emt | (8) 
@ 
as well as a 
at Goin =i “4 a (9) 


oC = ut 
~ on F: md 


where 5 is the dielectric loss angle measured by means of the bridge. 

Thus from the oscillograms we can determine the capacitance and tan §, equi- 
valent to those obtained by measurements on a bridge. 

2. Let us now consider the case of a nonlinear capacitor without hysteresis, 
i.e., a Capacitor in which the capacitance and dielectric losses depend unambigu- 
ously on the instantaneous value of the voltage. This condition is satisfied, for 
example, by capacitors with organic dielectrics in high fields, and possibly, by 
nonlinear capacitors containing dielectrics in which thermal ionic polarization 


predominates. When a sinusoidal voltage u = uy sin wf is applied to the plates of 
such a capacitor, its instantaneous parameters will depend on uv, i.e., C=C (tu) 
and G = 4G (u). The current through the capacitor will be 

Si G (uy uot (u) Vi ui—w | from 0 to T/2 
and ae (10) 

in ae G (te — OC (u) | | from T/2 to T. 


Thus one can determine the differential parameters ((u) and G(u) from the ex- 
perimentally observed current loop. 

Integrating (10) and invoking the mean value theorem, we obtain the following 
equations for the two branches of the ''charge loop”: 


q, (u) = Cy (u)u — ~ Gr: (Ww) Vu — u* | 
and 


4 (11) 


’ ! ~y ima > 
J (u) = Cs: (uw) u + = GU) V uy — nu? | 
where 
; d yA 
G (u) = 1 {G> (u) u) 


ue uf 
and Gu) = — : {C,: (wu) V us — ur} eee at) 


} 
due u 


(.{u) corresponds to the normal capacitance of the nonlinear capacitor and G.(u) is 
the dielectric loss characteristic. Both these quantities can be determined ex- 
perimentally from the "charge loop”. 

The instantaneous parameters of the nonlinear capacitor can be determined by 
utilizing a compensation circuit. To this end we connect a standard resistance 
Rs = 1/Gg in parallel with Cg. If our test capacitor is a ferroelectric capaci- 
tor, then with Gy = 0, an ordinary hysteresis loop will appear on the oscillograph 
screen. As Gg is increased, there will appear symmetrical intersection points at 
which the upper branch coincides with the lower one. With increase of Gg these 
points gradually approach the coordinate origin (Fig.2). In the case of a non- 
linear capacitor without hysteresis, there also appear such intersection points of 
the upper and lower branches of the charge loop ; these points also gradually 
move toward the center with increase of Gg. Straightforward calculations show 
that the following equalities obtain for the compensation points: 
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Fig.2. Oscillograms illustrating compensation of the "charge loop" 
of BaTiO3 at different values of Gg equal to: a) 0, 2) 2.61076, 
c) 3.7-107-6, d) 5.4+1076 mho/em. 


and ‘ (13) 
Cy (Ux) = —s Cs 


where wu, and usc are, respectively, the voltages on the investigated and standard 
capacitors at the compensation points. Fig.2 shows a series of oscillograms with 
compensation points obtained for a capacitor with BaTi03. Calculations by means 
of Eqs.(13) are only of illustrative value, inasmuch as a capacitor with barium 
titanate has hysteresis and hence the values of ((u) and G(u) at the same voltage 
u will be different for the two branches of the loop. 

3. By analogy with ferromagnets®, one can determine for each point of the 
polarization curve P = f (E) (where E = Eosin wt is the field strength and P is 
the polarization) a number of different permittivities, specifically, the differ- 
ential permittivity 

: ia! des 
Sie eee (14) 
the normal permittivity €y = 4nx(P/E) and the reversible permittivity €yey- 

The last is determined as follows: if at some point on the hysteresis loop 
we apply a negative field increment (-AE]), there will be a corresponding change 
in polarization (-AP,) (smaller in absolute magnitude than AP). At the limit 
4E,|—0, we will obtain for the given point on the hysteresis loop 


¢...= 4r lim ——. (15) 


Usually the reversible permittivity is determined at a high frequency with 
simultaneous application of a biasing de field. If Gans' rule4, which holds for 
a number of ferromagnets, were valid for ferroelectrics, the reversible permitti- 
vity, as determined from the hysteresis loops, should depend unambiguously on the 
value of P and agree (for the same P) with the reversible permittivity measured 
in a biasing dc field. 

Comparison of the two permittivities may help clarify the mechanism of po- 
‘larization in ferroelectrics. We measured €yey at different points of the hyste- 
resis loop by means of the oscillographic set-up mentioned above (Fig.l). To 
this end we connected the output of a pulse generator across resistor R. The 
pulse repetition rate was 50 pulses per sec. The pulse could be "moved" along 
the hysteresis loop by means of a special phase shifter. 

The value of €rey was determined from the slope of the pulse trace (Fig.3). 
-The slope of the tangent at the corresponding points of the loop gave us €. The 
results of measurement of €yey carried out with reference to the descending branch 
of the hysteresis loop are shown in Fig.4. The differential permittivity attains 
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E,xv/om 
Fig.4. Variation of €yey with the field 
strength for BaTi03 at T = 20°. Curves 
obtained from hysteresis loops with the 
following values of the peak voltage: 
Fig.3. Hysteresis loop with super- Tyee, 2Y 2785, °3).'4,25,- 4)2 oun 
imposed small voltage pulse. 5) 7.05 and 6) 9.9 kv/cm. 


a maximum value at a field strength equal to the coercive one. The reversible per- 
mittivity is appreciably smaller than € and rapidly increases with increasing tem- 
perature. 

Measurements of the reversible permittivity carried out by us for a number of 
specimens of BaTiO3 and its solid solutions showed that in general Gans' law does 
not hold for these substances and the dissipation of energy in partial polariza- 
tion cycles is low. 


Rostov-on-the-Don State University 
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FREQUENCY DEPENDENCE OF THE NONLINEARITY OF BaTi03-BaSn0O3 SOLID SOLUTIONS 


- A. A. Obukhov 


The dielectric constant of ferroelectric substances varies with the strength 
of the applied ac or de field. It is known, however, that small variations of a 
weak high-frequency field do not noticeably alter the dielectric constant of 
BaTi03-BaSnO3 solid solutions (Fig.1) Consequently when, in addition to a weak 
high-frequency field, a strong de or low-frequency ac field is applied to the in- 
vestigated specimen its dielectric constant will be determined entirely by the 


latter field. 


20 40 60 


Fig.1. Temperature de- 
pendence of the dielec- 
tric constant e¢€ for 
different BaTi03-BaSn03 
solid solutions at j= 
= 45 Mc. Dashed curves; 
E. = 15 v/em; solid 
curves: E. = 50 v/cm. 
Figures at curves - 
BaSnO3 content in %. 


We were guided by the above considerations in undertak- 
ing the present investigation of the frequency dependence 
of the nonlinearity of BaTi03-BaSn03 solid solutions. We 
employed the experimental arrangement diagramed in Fig. 2. 
The capacitor with the investigated ferroelectric speci- 
men was incorporated into the oscillating circuit of the 
high-frequency oscillator 2. To improve the Q-factor of 
the circuit a linear capacitor of known value was connec- 
ted in parallel to the ferroelectric containing capacitor. 

In the course of operation of the oscillator, the in- 
tensity of the high-frequency field on the specimen-con- 
taining capacitor varied but did not exceed 50 v/cm. The 
frequency (45 Mc) generated by this oscillator was mixed 
in the nonlinear mixer 3 with the frequency put out by 
the standard generator 4 and applied to the oscillograph 
5. Thus from the oscillograph display, by the zero beat 
method, we could determine the frequency of the generated 
oscillations. 

Knowing the value of the linear capacitance in the os- 
cillating circuit, the inductance and the frequency of 
the generated oscillations, we could readily compute the 
capacitance of the "ferroelectric capacitor. We com- 
pared the capacitance values obtained in this 
manner with those obtained by direct measure- 
ments at the same frequency and field strength 
in order to revise and correct the assumed in- 
ductance and linear capacitance values for the 
test network. 


Fig.2 Block diagram of experi- Now if a de field is applied to the "ferro- 


mental set-up: 1) control vol- electric’ capacitor, one can readily determine 
tage source, 2) oscillator the change in capacitance of the specimen from 
with capacitor containing the the change in the oscillator frequency. In- 
ferroelectric specimen in the stead of a de biasing frequency, however, we 
tank, 3) nonlinear mixing un- applied a low-frequency "control" field and de- 
it, 4) standard generator, termined the resultant change in the capacitance 


5) oscillograph. 


of the ferroelectric capacitor from the change 
in frequency of the generated oscillations. 


The measurements were carried out at room temperature, using specimens 0,.25- 
0.3 mm thick. The control field heated the specimens to some extent. The tem- 
perature of the specimen was monitored by a miniature thermocouple. It was found 
that as a result of heating, the temperature of some of the specimens rose 10-159 
above room temperature, but in no case did it exceed the Curie point of the mat- 


erial. 


As a measure of the nonlinearity we took the ratio (€max - €min)/€max = 


= M€/ Emax 


4fvice 0 ; as 10 f Mc 
Fig.3. Frequency dependence of the 
nonlinearity of different BaTi03- 
BaSnO3 solid solutions. Fundamen- 
tal frequency of oscillator 45 Mc. 
The figures at the curves indicate 
the BaSnO3 content in percent. 
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The experimental results are shown in Fig. 
3. It will be evident that with increasing 
control field frequency, the nonlinearity 
of BaTi03-BaSn03 solid solutions decreases, 
going to zero. The curves of Fig.3 show that 
the higher the electric field, the higher the 
frequency at which the nonlinear properties 
vanish. 


It is known from the work of Dungan & Kane! 


that in BaTi03-BaSn0O3 solid solutions the te- 
tragonality of the crystal lattice decreases 
with increasing BaSnO3 content to 12%. It fol- 
lows therefore that the nonlinearity of these 
ferroelectrics rises with decrease of tetra- 
gonality. It also follows from our data that 


the nonlinear properties of ferroelectrics with lower degrees of tetragonality of 
the crystal lattice vanish at higher frequencies. 

The observed decrease of nonlinearity with increasing frequency can be ex- 
plained by the fact that with increasing frequency of the control field the number 


of switching domains in the ferroelectric decreases. 


According to the data of 


Merz? and Littles, domain motions in BaTiO3 single crystals cease at frequencies 


above 3-5 Mc regardless of the field strength. 


Since the structure of BaTi0,3- 


BaSnO3 solid solutions is similar to that of BaTiO3, it may be inferred that the 
experimentally observed decrease and disappearance of nonlinearity is due to the 
fact that domains do not have time to reorient with the frequency of the control 


field. 


It must be noted that in addition to nonlinear properties connected with the 
orientation of the domains there may be nonlinearity due to induced polarization. 
Nonlinearity of this type, however, is small and probably well within the limit of 


our experimental error (~1%). 


The increase in nonlinearity with decrease of tetragonality of the crystal 
lattice can probably be explained on the basis of Smolenskii's4 hypothesis regard- 
ing the correlation between the spontaneous deformations and the degree of tetra- 
gonality in BaTi03-BaSnO3 solid solutions. 


Conclusions 


The results of our experimental work show that the nonlinearity of BaTi03- 
BaSn0O3 solid solutions depends on the frequency and strength of the applied elec- 


tric field and also on the degree of tetragonality of the crystal lattice. 


The 


nonlinearity of the investigated ferroelectrics goes to zero at frequencies of a 


few megacycles. 


When BaTi03-BaSn0O3 ferroelectrics are employed in electronic equipment for 
purposes of frequency modulation, the modulating field should not exceed a few 
megacycles; if this requirement is met the frequency of the controlled field can 
be of the order of 80 Mc or even higher. 


References 


1. R.Dungan & I.Kane, J. Amer. Ceram. Soc., 35, 318 (1952). 

2. W.Merz, Phys. Rev., 95, 690 (1954). 

3. E.Little, Phys. Rev., 98, 978 (1955). 

4. G.A.Smolenskii & V.A.Isupov, Zhur.tekh.fiz., 21, 1375 (1954). 


- 1525 - 


FERROELECTRIC CERAMICS WITH DIELECTRIC CONSTANTS UP TO 45 ,000 
- T.N.Verbitskaia & L.M. Aleksandrova 


Polycrystalline ferroelectric ceramics with high values of the dielectric 
constant are extensively used for the fabrication of miniature capacitors and 
other electronic equipment. 

In general the dielectric constant of ferroelectric materials depends on the 
temperature and the electric field strength. 

In evaluating the utility of a given ferroelectric material for specific 
practical applications, it is essential to know at least three dielectric constant 
values, namely, the initial constant €jnjt, the Curie point constant €, and the 
maximum constant €max: The first two are usually measured in weak fields (~5 v/mm) 
at room temperature and at the Curie point 6, respectively. The maximum value of 
the dielectric constant is usually determined from curves characterizing the ac 
field dependence of e. 

In order to obtain high values of the dielectric constant under normal condi- 
tions recourse is usually had to materials with a Curie point close to room tempe- 
rature or to materials with pronounced nonlinear properties. In the former case 
the value of € can be very appreciable at or slightly above room temperature even 
in weak fields. A typical example is ferroelectric material T-7500 with a Curie 
point at about 35-40°. The initial dielectric constant of T-7500 at 20° in a ~5 
v/mm field is 4500-5000; the constant at the Curie point is ~7500. 

In the case of materials with pronounced nonlinear characteristics,a high va- 
lue of € is evinced in relatively weak fields owing to rapid increase of € with 
increasing field strength. . 

For purposes of illustration, let us compare the nonlinear properties of a 
number of ferroelectric substances. The initial dielectric constant of barium ti- 
tanate is ~1700; with increase of the field strength € increases somewhat and at- 
tains a maximum value of 8000-10,000 in fields of the order of 600-800 v/mm. The 
maximum value of € for T-7500 is attained in fields of ~200 v/mm and does not ex- 
ceed 7500-8000. Thus these two substances are only weakly nonlinear. 

The properties of VK-l ceramic used for production of Varikonds are different. 
The value of the initial dielectric constant of VK-l1 is ~2500. The constant in- 
creases rapidly with the field and at 150-200 v/mm becomes 16,000-20,000. 

An even more rapid increase of the dielectric constant with field strength is 
exhibited by the new ferroceramic material designated VK-2. In this ceramic €jnit 
= 2300-2500; €nax ~ 35,000-45,000. This exceptionally high value of €,,, is at- 
tained in relatively weak fields of the order of 100-150 v/mn. 

As in the case of many other ferroelectric substances, the weak field values 
of € obtained vor VK-2 are greatly dependent on the temperature (Fig.1). However, 
the maximum values of the dielectric constant lie in the range of 35,000 to 46,000 
in a wide temperature interval. 

VK-2 exhibits pronounced nonlinear properties in an extensive temperature 
range (Fig.2). The nonlinearity coefficient K! = €max/€init is 6 at +40°, 15-18 
at 20°, 40 at -10° and 60 at -45°%. 

For every ferroelectric material there is a certain optimum field value at 
which the dielectric constant attains high values in a given temperature interval. 
In general the higher the dielectric constant, the narrower the high € value tem- 
perature interval. 

Regardless of the field strength, however, the dielectric constant of BaTiO03 
and T-7500 never exceeds 10,000 in the entire temperature range from +60 to -60°C. 
In contrast, VK-1 in this temperature range can have values of € from 20,000 to 
25,000 at optimum values of the field. VK-2 has the highest value of €max of all 
known ferroelectric ceramics, namely, 45,000. 
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Fig. 2 0 80 160 
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Fig.1. Temperature dependence of € and tan § for two VK-2 specimens: f = 1000 
cps and EL = 3 v/mn. 

Fig.2. Variation of € with EL at 50 cps for VK-2 at different temperatures: 
1) +40°, 2) +20°, 3) -10°, 4) -45°C. 


Fig. 1 


In view of the fact that the slope of the € = f(E.) curves for VK-2 does not 
remain constant, the temperature dependence of € in different electric fields are 
not represented by a family of similar curves (Fig.3). For most materials, in- 
cluding barium titanate and VK-1, one can establish certain optimum conditions 
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5 Fig. 3 
Temperature dependences of € for VK-2 recorded at different ac field 
indicated by the figures at the curves. 

ature dependence of the volume resistivity of VK-2 (1) and BaTiO 
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under which the dielectric constant remains high over a more or less appre 
temperature range. As will be evident from Fig.3, € for VK-2 remains equal 
~28,000 in the temperature range from 0 to 55° with E = 60 v/mm. In fields 
100-110 v/mm € does not fall below 30,000 in the range from +40 to -50° and 
above 40,000 in the temperature interval from +20 to -30°. ; 

At a given field strength one can attain a very high value of the inductive 
capacitance for VK-2 in a given temperature range by varying the thickness of the — 
dielectric. For example, an assembly of three parallel connected VK-2 disks a bout — 
20 mm in diameter having a total height of ~3 mm has a capacitance of 0.2 uf at 
E = 100 v. When the Varikonds are prepared in the form of films some 2000 y thick 
the dielectric constant attains a value of 45,000 at a voltage of only 20 v. 

The high values of nonlinearity and dielectrit constant for VK-2 are obtai 
without sacrifice of other desirable properties. VK-2 ceramic is a good insul- 
ator: its volume resistivity in a wide temperature range (100 to 500°) is at 
least one order of magnitude higher than that of polycrystalline barium tit ate. = 
(Fig.4). +r Re! 

In view of its pronounced nonlinear and high volume resistivity VK-2 ceramic 
can be recommended for use not only in ultraminiature capacitors but also for the 
preparation of new types of Varikonds with even higher nonlinearity coefficients 
than those obtained hitherto from VK-l. The new types of Varikonds may prove use- 
ful for suppressing extra-currents, for pulse shaping and peaking and for dielec- 
tric amplifiers as well as many other electronic devices. 
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uti eon the RC-circuit technique described in the literatur ol ,2 
voltage proportional to the capacitance (provided 1/0C » R). ‘The 

t mic circuit is shown in Fig.l. It consists of an audio frequency os- 
or, an RYCy network, a cathode follower, a recording type EPP-09 automatic 
iometer, a polarization attachment for determining P = f(E), a second Rs5Co 
rk, an amplifier for the conduction current and suitable thermostats (the 
‘tiometer and generator are not shown in the diagram). 


Fig.l. Diagram of the thermodielectrograph (capacitances in the diagram are given 
in pyuf; resistances in kilohms). 


The voltage U,, is amplified by means of a resonance amplifier assembled 
about the tubes Tj, T9 and T2- The second stage of the amplifier has a resonance 
circuit tuned to 5 kc. The amplification is regulated by the variable resistor 
Rg. The maximum amplification factor is ~2000. The voltage after the cathode fol- 
lower (tube T4) is detected by means of a selenium rectifier and applied (through 
R,) to the potentiometer, the displacement of whose carriage is proportional to 
the complex capacitance. To determine the instant of appearance of conductivity 
in the crystal the voltage Up, is compared, by means of an oscillograph, with the 
voltage taken off the standard R5C2 chain with low dielectric loss. To enhance 
the sensitivity, this voltage is amplified (tubes T5 & Tg). If the specimen does 
not conduct the compared voltages are in phase and the beam trace is a straight 
line, the slope of which varies with the capacitance of the specimen Capacitor. 
When the specimen begins to conduct, the straight line changes to an elipse. This 
allows of determining the instant of appearance of conductance beginning with 30 | 
megohm. Simultaneously with recording the variation of € as a function of T, the : 
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set-up allows of marking the appearance of spontaneous polarization in the speci- 
men by means of a conventional oscillographic circuit (not shown in Fig.1). 

The circuit parameters were selected so that a1 to 10 uuf change in the 
capacitance of the test capacitor would produce a full scale displacement of the 
potentiometer carriage; thus it is feasible to determine absolute changes in ca- 
pacitance down to 0.1 uuf with an error of 1 to 10% depending on the capacitance 
value. This choice of circuit parameters makes it possible to detect dielectric 
anomalies in ferroelectric specimens of very small size (of the order of 0.4 x 
x 0.4 x 0.1 cm) and to record smooth € vs T curves for linear crystals. Appropri- 
ate measures (rigid mounting, short leads and thorough screening) were taken to 
minimize stray capacitance. By means of resistor R3, the 10 puf measurement inter- 
val can be shifted up to 150 wuf, which makes it possible to investigate larger 
Capacitance specimens. 

A 400 watt wire wound heating coil, supplied from an LATR-1 transformer is 
used for the high temperature measurements (20-250°C). The specimen is mounted 
in a small glass tube provided with a low capacitance (~1.5 wuf) spring holder. 
The heating rate does not exceed 2-39 per min. For the low temperature measure- 
ments the specimen is mounted in a sealed Dewar which is immersed to 1/4 its length 
in liquid nitrogen. The temperature of the specimen is measured by means of two 
copper-constantan thermocouples connected to an appropriately calibrated milli- 
voltmeter. 

The circuit is turned on and adjusted by means of the variable resistors Rj, 
R3 and Ry. The linearity of the instrument was checked by substituting standard 
1, 3, 7 and 10 wuf capacitors in place of the specimen. 

In order to gage the potentialities of the set-up we recorded the € vs T curv- 
es for 24 dielectrics. The sample crystal plates measuring 0.4 x 0.4 x 0.1 cm and 
having an initial capacitance of 1-2 wuf were cut from small single crystals by 
means of a wire saw. The surfaces were polished by hand on a glass plate with a 
suitable abrasive in kerosene. Silver foil electrodes were applied to the princi- 
pal faces. Crystals belonging to polar symmetry classes were investigated in the 
above room temperature range; the others at both subzero and positive temperatures. 
We also checked the possibility of working with compressed pellets. 

The tests showed that the set-up is capable of giving reasonably accurate € 
vs T curves. The dielectric constant discontinuity at 120° in polarized barium 
titanate ceramic was detected using a very small sample (0.1 x 0.1 x 0.1 cm). 
Similar and fully reproducible results were obtained with equally minute samples 
of Rochelle salt. 

Dielectric anomalies were detected in (NH4)9S04 single crystals at -51°. The 
ammonium sulfate crystals were grown by evaporation from supersaturated aqueous 
solutions. The symmetry group of ammonium sulfate crystals at room temperatures 
is m-2:m. The usual form of the crystals is defined by the pinacoidal b {010} 
and c {001} faces and the rhombic prism p {110}, 7 {Ol1}and gq’ {021} faces. Upon trans- 
ition to the ferroelectric phase one of the second order axes (in our case the Z 
axis) becomes polar and the symmetry of the crystal changes to group 2m. Dielec- 
tric anomalies in ammonium sulfate have been reported by a number of authors3> 4, 

We carried out some new, additional measurements. 

The temperature dependences of the polarization and coercive field obtained 
for (NH4) 2804 crystals are shown in Figs.2 & 3. At temperatures of wane -60° the 
spontaneous polarization attains saturation (P, = 0.11 microcoulomb/cm“%); the co- 
ercive field reaches a value of 2 kv/cm. Attempts to attain saturation of polar- 
ization at lower temperatures result in fracturing of the crystal along the a (100) 
and §(010) planes. The polarization curve obtained for (NH4)2S04 is character- 
istic of ferroelectric materials with hydrogen bonds (for example, KH2P04 and 
KNaC4H40g¢°4H90). At room temperatures the length of the N--H—O bonds in ammonium 
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sulfate is 2.86 A.5 Deformation incident to the 
transition to the monoclinic form results in reori- 
entation of the O—N bonds and a nonequivalent change 
in their lengths; the ferroelectric effect may well 
be connected with these structural changes. 

The temperature dependence of € of ammonium 
sulfate in the region of high temperatures is char- 
acterized by a sharp increase of the conductance 
near the melting point of the crystals (130°C). By 
means of the described technique one can also follow 


rep the course of other processes connected with changes 
: in the dielectric constant or appearance of conduct- 
Fig.2. Temperature depend- ance. 
ence of polarization in Attempts to detect ferroelectric anomalies in 
ammonium sulfate crystals. samples in the form of pellets compressed of Rochelle 
2107-2 hie salt or BaTi03 powder yielded negative results. The 
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7,°C 
Fig.3. Temperature 
dependence of the 
coercive field in 
ammonium sulfate 


crystals. 


presence of air layers and binder together with the chaotic 
orientation of the crystal grains in the heterogeneous system 
completely masked the effect. Apparently tests on small single 
crystals are less onerous in the long run and yield more de- 
pendable results particularly as regards detection of dielec- 
tric anomalies. 

The described apparatus can be used in searching for new 
ferroelectric materials and for carrying out preliminary mea- 
surements on substances that can readily be obtained in the 
form of small single crystals. The number of such dielectric 
substances is very large and it must be emphasized that the 
difficulties of growing small single crystals have been exag- 
gerated,6 

Taking advantage of the fact that now the procedure for 
carrying piezoelectric and ferroelectric tests on minute crys- 
tal specimens has been greatly simplified? »8 one can propose 
the following program for an extensive search for new ferro- 
electric materials - see Fig.4. 

The search should be extended ‘out- 
ward'' from group 1. Group 2, consisting 
of piezoelectric crystals with pyroelec- 
tric symmetry and pyroelectrics, should 
be tested first at room temperature for 
spontaneous polarization (hysteresis 
loops). Group 3, consisting of piezo- 
electric crystals, should be investi- 
gated at low temperatures for the pres- 
ence of polarization hysteresis; for 
detection of ferroelectric phases one 
should record the temperature dependence 
of € and thus determine the Curie tem- 
perature. Groups 4 and 5, comprising 
dielectric crystals with pyroelectric 


Fig.4. Classification of crystalline di- and piezoelectric symmetry, and subse- 
electrics on the basis of their symmetry quently group 6 (other dielectrics) 


and electric properties: 1) ferroelectrics, 
2) piezoelectrics with pyrosymmetry and pyroelectrics, 3) piezoelectrics, 4) di- 
electrics with pyrosymmetry, 5) dielectrics with piezosymmetry, 6) other dielec- 


trics whose symmetry and electric properties are unknown. 
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should first be tested for presence of a piezoelectric or pyroelectric effect; in 
the case of positive results they should be classified in Group 3 and treated ac- 
cordingly. 

Obviously, in selecting samples for tests from each group one should bear in 
mind other factors and considerations that will heighten the probability of find- 
ing a new ferroelectric, namely, isomorphism, structural similarity with known 
ferroelectrics, the character of the particle interaction in the crystal struc- 
ture, possibility of realizing polymorphous modifications, etc. The available 
data shows, for instance, that 85% of the substances exhibiting spontaneous polar- 
ization (44 pyro- and ferroelectric crystals) belong to the following ten space 
groups: C3, Cx, Cory Che, Ci, Ch, C8, Cl, C2, Cl.; these are obviously the groups most 

favorable” for pyro- and ferroelectricity. It is found that every one of 120 
piezoelectric crystals belonging in one of these space groups exhibits spontaneous 
polarization. Further accumulation of experimental material may bring to light 
certain regularities, but it is clear even now that the distribution of ferroelec- 
tric crystals over space groups is not uniform, i.e., that some groups are more 
"favorable" than others. Hence the probability of finding new ferroelectric crys- 
tals will be enhanced if we concentrate our search on piezoelectric substances be- 
longing to ''favorable"’ symmetry groups. 
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